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ABSTRACT

Gel treatment has been widely applied to control reservoir conformance and thus
improve the sweep efficiency of injection fluids. Quite a few numerical simulations have
been conducted to investigate the factors impacting gel treatment and assist to optimize
treatment design and predict the performance. However, there exists significant barrier
between the simulation approaches and lab experiments. In this study, two
comprehensive reviews have been conducted to identify the gaps between lab and current
simulations for in-situ polymer treatment and preformed particle gel treatment,
separately.
Based on the identified gaps, the effect of a few major factors which are very
important in lab tests but have not been considered in previous simulations on gel
treatment was investigated. Results showed that residual resistance factor should be
considered as a function of permeability because it significantly impacts the profile
modification result of gel treatment. Gelant rheology should be considered as a function
of rock types, because it influenced the gelant placement and thus impacted gel treatment
results. A new mathematical model was developed to consider the impact of multiple
influencing factors on inaccessible pore volume (IAPV), which improved the simulation
of the gelant placement. A new method was built to simulate gel extrusion in open
fractures, which can consider the effect of dehydration. A decision tree model was built
to present a roadmap that could be used to identify where and when gel treatment was
more effective.
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vw

Water phase velocity, ft/d

vKhigh

Velocity of high K region, ft/d

vKlow

Velocity of low K region, ft/d

x

Mole fraction

xxv
μ0

Bulk Viscosity

μo

Viscosity of oil phase, cp

μapp

Apparent visocity, cP

μl, min

Viscosity at minimum velocity, cP

μl, max

Viscosity at maximum velocity, cP

μapp, Khigh

Apparent viscosity of high K zone, cP

μapp, Klow

Apparent viscosity of low K zone, cP

γe

Effective shear rate, 1/s

∅

Porosity, dimensionless

rxk

Input parameters

Subscript '0'

Initial condition

Subscript 'i'

Component i, could be p: polymer, x: crosslinker and g: gel

1. INTRODUCTION

1.1. BACKGROUND
Gel treatment has been proved as an effective method to control the conformance
of water flooding, polymer flooding and CO2 flooding (Bai et al., 2015; Qiu et al., 2017).
Due to the complicated physiochemical properties of gelant and gel systems, the
effectiveness of gel treatments is significantly affected by reservoir temperature, formation
and injection water salinity, reservoir heterogeneity, and channel size as well as the
production history (Bai et al., 2004; Khamees and Flori, 2018; Jahanbani et al., 2016).
Numerous lab experiments have been carried out to study the gel plugging mechanisms
and the factors impacting its plugging performance. However, due to the limitations of
instruments, the scale of lab, cost, and experimental conditions, it is impossible to optimize
gel treatment design and predict the performance through lab experiments.
Numerical simulation has been approved as a useful tool to bridge lab results to
field application, which assists in optimizing a field design and predicting reservoir
performance. However, current numerical simulation studies have not considered many
important gel behaviors that have been confirmed in lab tests. The gaps between lab
results and previous numerical simulation approaches have made the previous simulation
results unable to provide convincible predictive results for field applications (Seright and
Brattekas, 2021). Therefore, it is necessary to provide a comprehensive overview of
current numerical simulations and lab results to identify the gaps and understand how the
gaps affect simulation results. Through these efforts, improved simulation modelling
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methods can be provided and further be used to examine where and when gel treatment
can be more effectively applied.

1.2. OBJECTIVES OF THIS WORK
The specific objectives of this study include:
(1) To review and summarize the problems in current simulators, numerical
simulation models and application studies according to the mechanisms and lab
results during in-situ gel treatment.
(2) To summarize the existing simulation models of preformed gel treatment, and to
propose the supplementary models for the development of integrated simulation
model for preformed gel treatment.
(3) To collect data from lab results, to analyze the effect of influencing factors on
IAPV of polymer flow in porous media, and to derive the comprehensive model
of IAPV.
(4) To improve the polymer rheology in porous media and investigate its effect on
polymer flooding.
(5) To improve the simulation of gelant placement by considering the gelant rheology
as a function of rock types (fractures and matrix).
(6) To improve the simulation of gelation process by considering the delayed gelation
kinetics.
(7) To improve the simulation of preformed gel extrusion in fractures by considering
gel dehydration.
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(8) To investigate where and when gel treatment can be effective for conformance
control, based on the improved models of in-situ gel.

1.3. STRUCTURE OF THE DISSERTATION
According to the research objectives, this dissertation focuses on three topics and
consists of eight papers. The three topics include: 1) Review of numerical simulation
models of gel treatment (Paper I and Paper II); 2) Improvement of simulation model on gel
treatment (Paper III, Paper IV and Paper VIII); 3) Discussion of factors influencing
polymer rheology and its effect on polymer flooding and gel treatment (Paper V and Paper
VI); and 4) Investigation of where and when for gel treatment in field applications (Paper
VII). The literature review is summarized in first two papers and distributed in the
introduction section of each paper.
In Paper I, a comprehensive review of in-situ gel on current numerical simulations
was presented, the current in-situ gel numerical simulation problems were classified, and
the major research efforts that should be made in the future to better simulate in-situ gel
treatment process was proposed.
In Paper II, a comprehensive review that summarizes the mechanisms and empirical
models of particle gel transport and retention from experiments and the numerical
simulation models including three scales of applications was provided. Suggestions and
discussions with related bulk gel and fine particle models for future experimental and
quantitative studies in order to develop an integrated field scale simulation model of
preformed particle gel for conformance control was presented as well.
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Paper III collected the data from literature review and investigated the main factors
that contributed to the IAPV. Based on the thermal dynamics, we developed an IAPV
model. The model can quantify more factors than conventional model and is qualified to
simulate the dynamic variation of IAPV in reservoir simulations.
Paper IV discussed the simulation problems of conventional method in gelation
process, reviewed the gelation kinetics and provided a piecewise function method that was
able to describe crosslinking delay during gelation, which benefited placement of in-depth
gel treatment. This new method could be eligibly implemented in commercial software,
such as CMG STARS.
Paper V conducted a numerical simulation study to examine the effect of HPAM
polymer rheology on a polymer flooding pilot. This paper provided practical guidance to
field operators for the ongoing polymer flooding pilot on ANS and would also provide
valuable information for other polymer projects conducted in similar conditions.
In Paper VI, a conceptual simulation model was established to simulate the linear
flow system for the reservoir with horizontal wells considering the two factors mentioned
above. The paper demonstrated that the gel treatment always provided the better placement
results in the open fracture type channel than pore-throat network type channel. Moreover,
the paper also demonstrated the necessity to consider residual resistance factor as a function
of permeability.
Paper VII discussed the where and when in-situ gel treatment could be effective
using numerical simulation result. This study discussed the single factor effect on gel
treatment in terms of effective period, water oil ratio and injection profile change.
Moreover, with abundant simulation results and machine learning methods, a roadmap was

5
proposed to guide where and when gel treatment could be more effective based on profile
improvements.
Paper VIII is a simulation study of gel propagation in open fractures. In this study,
we built a simulation model of gel propagation process. The model can fit the experimental
results and scale up to field applications.
The achievements of this study can assist the EOR researchers a better
understanding of the crucial issues involved in in-situ gel and preformed gel treatment for
conformance control. The results can help to select proper simulation models for
corresponding mechanisms during each process of gel treatment and identify the proper
working conditions for conformance control treatment. The results are expected to
supplement important insights to the development of integrated simulation models, to the
optimizations and predictions of in-situ gel and preformed gel treatment.
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PAPER

I. A COMPREHENSIVE REVIEW OF IN-SITU POLYMER GEL SIMULATION
FOR CONFORMANCE CONTROL

ABSTRACT

Gel treatment has been widely applied in mature oilfields to improve sweep
efficiency and control water production. Correct numerical simulation is of major
importance to the optimization design and prediction of a successful gel treatment.
However, there exist many problems in current simulation studies in published literature.
This paper first presents a comprehensive review on current numerical simulations that
summarize the major factors that have been considered at different gelation stages during
gel treatment, the models used in the commercial/in-house simulators, current numerical
simulation studies on both laboratory and field scales. Then we classify the current in-situ
gel numerical simulation problems as deficient model problem that has published
numerical model but has not been applied in simulator and application studies, missing
model problem that does not have published quantitative model, and inaccurate
application problem that does not consider the major factors of gel performance, based on
the reasons from some questionable results of current simulation studies. Finally, we
point out the major research efforts that should be made in the future to better simulate
in-situ gel treatment process. The review indicates that numerous simulation studies using
commercial software packages intend to predigest the gel treatment, many of which,
however, ignore important mechanisms and mislead the operation of gel treatment. A full
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assessment of simulating in-situ gels cannot be achieved unless the quantitative models
can be qualified in terms of transport and plugging mechanisms based on the
experimental results.

1. INTRODUCTION

Excessive water production is a common problem as reservoirs mature due to
reservoir heterogeneity and low sweep efficiency. For heterogeneous reservoirs, after
thief zones (or water channels) are formed by extensive water floods, improved sweep is
commonly needed immediately. Gel has been widely applied in oil industry including
sealant for wellbore leakage (Zhu et al. 2021), fluid (Wu et al., 2021), and plugging agent
for enhanced oil recovery (Zhao et al., 2021). Conformance control using gel treatment is
a technique to encourage displacing movable oil in an un-swept zone and to improve
water drive closer to optimal conformance condition (Bai et al., 2015). With proper
application, gel treatment is proved to be an effective and economic solution to control
the conformance and reduce water production from oil and gas fields.
In-situ gel treatment was developed in 1970s (Needham et al., 1974) for
conformance control. The concept of gel treatment is to improve the sweep efficiency of
water flooding by placing a blocking slug of gel at water channel to seal the thief zone.
Many types of gels have been tested in the past decades, the success experience favors
the polymer-based gel system proposed by Sydansk (1988; 1990) that used partially
hydrolyzed polyacrylamides (HPAM) and Chromium III (Cr(III)) acetate for
conformance control due to its relatively long and stable gelation time. Thus, this review
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will mainly focus on the HPAM/Cr(III) acetate type of gel. The basic operation for this
technology is to pump the polymer solution (e.g., 0.5 wt%) and crosslinker system (e.g.,
1/40 of polymer) as a mixture solution, called gelant, into the formation with a relatively
low flow rate to reduce gelant invasion in matrix. Then, shut-in the well for certain time
ensuring in-situ gelation taking place sufficiently. The gelation process refers to the
transition from polymer/crosslinker to crosslinked polymer gel. During this period, the
slug of three-dimension gel as a permeability modifier or barrier in the preferential water
channel is formed. Finally, open the well and the water drive can be diverted to the unswept zone. Based on the location of gel placement, the treatment can be categorized by
injection profile control, in-depth flow path diversion, and producer water shutoff.
Based on experiences, Sydansk and Southwell (2000), Sydansk et al. (2006) and
Seright et al. (2011a) stated that the conformance control using in-situ gel treatment is a
very complicated concept that strongly depends on the gel-, reservoir-, well-, and
formation-properties. On the other hand, based on their compositions and application
conditions, effect of in-situ gel treatment also depends on the gel properties. To ensure a
successful treatment and to optimize the performance of in-situ gel, numerous
experiments have been carried out to study the mechanisms. However, due to limitation
of budgets, instruments and research scale of lab experiments, the accurate critical
conditions and optimization for gel treatments are commonly difficult to obtain. Thus,
numerical simulation studies are vitally important to study the lab results and to optimize
the field applications. However, due to complex physiochemical properties of polymer
gel, quantitative studies of in-situ gel treatment are very challenging. Qualified
simulation of gel treatment requires the consideration of major mechanisms, principal
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physio-chemical phenomena, and important influence factors; the consistency between
laboratory and simulation results; and the capability of computational efficiency.
Therefore, the purposes of this review are to summarize the mechanisms, to
examine the capability of commercial/in-house simulators and to critically investigate the
simulation studies. With this review, the researchers interested in gel treatment
simulation can improve the simulators and simulation methods to meet current needs of
mature oilfields.

2. MECHANISMS DISCUSSION OF IN-SITU GEL TREATMENT FOR
NUMERICAL SIMULATION

Simulation of in-situ gel is quite complicated because the system contains great
change in viscosity and flow regime before and after gelation. Moreover, the system has
both fluid and solid properties during crosslinking process and after gel is formed. It is
necessary to categorize in-situ gel treatment as three stages based on the gelation process,
including gelant stages, gelation stage and gel stage, separately.

2.1. GELANT STAGE
Gelant is a mixture of polymer, crosslinker and perhaps some additives. Before
gelation, the gelant has quite the same flow behavior as polymer solution alone (Seright,
1991a; 1991b). The gelant properties and parameters to be considered for a numerical
simulation include polymer rheology, polymer and crosslinker adsorption/retention,
inaccessible pore volume.
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2.1.1. Polymer Rheology. Resistance factor (𝐹r ) is a critical parameter to
quantify the rheology of polymer in lab experiment. It is measured by pressure drop ratio
of waterflooding to polymer injection at the same flow rate (Equation 1). Assuming no
reduction of permeability caused by polymer, we can estimate 𝐹r by viscosity ratio due to
the same effective permeability to gelant and water. If we assume water viscosity is unit,
we can further estimate 𝐹r by the apparent viscosity of gelant. where ∆𝑷 is pressure drop,
𝜆 is mobility, 𝑘 is effective permeability, 𝜇p,app is polymer apparent viscosity,
subscript w refers to water and p refers to polymer.
∆𝑷p

𝐹r = ∆𝑷 =
w

𝜆w
𝜆p

=

𝑘w
𝜇w
𝑘p
𝜇p

~

𝜇p,app
𝜇w

~𝜇p,app

(1)

The rheology of polymer, as a non-Newtonian fluid, has been studied for decades
by many researchers (Gogarty, 1967; Graessley, 1974; Gleasure, 1990; Seright et al.,
2008; Smith, 1970; Zhang and Seright, 2015). Seright et al. (2011b) summarized the
rheology responses of polymers and concluded that the resistance factor could be a
function of polymer concentration, salinity, shear rate (velocity), which depended on the
type of polymer and formation properties. Their studies reported that Xanthan polymer
only behaved a shear thinning rheology that the resistance factor decreases with
increasing shear rate. HPAM polymer behaved a Newtonian flow regime at low shear
rate, a shear thinning rheology at low to medium shear rate and a shear thickening
rheology at medium to high shear rate. Shear thickening means that the resistance factor
increases with increasing shear rate. Their studies also showed that the critical condition
for the onsets of shear thinning and shear thickening depended on the polymer
concentration, salinity, and porous media permeability. Besides, Seright et al. (2011b),
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Zechner et al. (2013) and Ma and McClure (2017) stated that if the formation contained
open fractures, such as the natural fractures, extension of hydraulic fractures and
wormholes, HPAM polymer would perform only shear thinning rheology, because the
polymer elongations in small pores were not observed in large pores or fractures.
Seright et al. (2011b) studied the impact of polymer concentration and salinity on
polymer rheology. The results showed that with increasing polymer concentration from
200 to 1600 ppm, the onset of shear thickening (the velocity required to let polymer start
to behave shear thickening) decreased by a factor of two. The results also showed that
polymer tended to have a higher shear thickening coefficient (greater shear thickening
slope) in high salinity water than in low salinity water.
2.1.2. Polymer And Crosslinker Retention. During injection of gelant, polymer
and crosslinker retention can have a major impact on gelant penetration into a reservoir
and the gelant composition in different locations due to chromatographic effect.
Adsorption was reported as the major mechanism for polymer and crosslinker retention
that might occur via physical and chemical adsorption. The adsorption process can be
characterized by determining the number of molecules adsorbed per surface area. μg
polymer per g contaminant is the commonly used unit for polymer and crosslinker
adsorption. Green and Whillhite (1998) reported the retention of polymer ranged from 9
to 700 μg/g for polymer concentration 500 to 3000 ppm, which greatly influenced the
transport of polymer during placement. Langmuir adsorption isotherm is commonly
suggested for the fitting of retention result of polymer. Polymer has a large molecule
composed of repeating subunits bound together by covalent bonds. Thus, besides
adsorption, Ferreira (2019), Zhang and Seright (2014) stated that retention data suggested
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the bridging, clogging and entrapment could also be the main mechanisms of polymer
retention as a function of polymer hydraulic dynamic radius and pore throat size. The
recent study (Dandekar et al., 2021) also indicated the polymer solution retention data
was not fitted well with Langmuir adsorption isotherm. Stavland et al. (1993) studied the
retention of crosslinker and stated that different retention mechanisms such as ion
exchange and precipitation could be observed having alone or combination effect on
crosslinker retention, which was related to pH value, carbonate concentration and core
types.
2.1.3. Inaccessible Pore Volume. Dawson and Lantz (1972) observed the IAPV
of polymer that some pore volume is accessible to small molecule water but inaccessible
large molecule polymer. Since then several mechanisms conducting IAPV have been
reported and summarized by Leng (2021): (1) Molecule sizes restricted polymer from
penetrating into some pore space (Shah et al., 1978); (2) Existence of depletion effect of
large molecules built up a depletion layer at pore walls and prevented the mass centers of
polymer molecules from reaching pore walls (Chauveteau, 1981; Omari et al., 1989;
Sorbie, 1989); (3) Unfavored entropic effect pushed polymers away from solid
boundaries (Liauh et al., 1979); (4) In-situ rheology behavior of polymer was different
from intrinsic rheology, which made polymer flow in-situ faster than expected
(Chauveteau et al., 1984; Ferreira, 2019; Stavland et al., 2010). Though the value and
explanation of IAPV concept were not consensus, the existence of IAPV that influenced
the transport of polymer was commonly acknowledged. Zhang and Seright (2014)
summarized the IAPV data from the laboratory results reported in literatures and
concluded that the IAPV value had a wide range from 0% to 48%. Their results showed
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that the IAPV was positively related to the Sor and mole weight, negatively related to the
resistance factor and retention. However, due to inconsistency of the IAPV results, no
quantitative models were reported for IAPV model.

2.2. GELATION STAGE
The process of gelation contains inner crosslinking and outer crosslinking. Inner
crosslinking refers to that single crosslinker connects itself to two adjacent polymer
chains and forms two dimensional (2D) structures. Outer crosslinking refers to that these
2D crosslinker-polymer structures continue connecting themselves to adjacent 2D
structures and form 3D structure gel. Commonly, the inner crosslinking takes much
longer time than outer crosslinking. The crosslinking process is governed by gelation
kinetics. Gelation kinetics has been studied by many researchers and many types of
explanations have been proposed. Baylocq et al. (1998) explained the HPAM/Cr(III)
acetate gelation by three steps’ reaction, which separate inner crosslinking into two steps
including single crosslinker to one adjacent polymer chain and single to two adjacent
polymer chains. They suggested that the triangular structured Cr(III) should hydrolyze in
three steps. Jain et al. (2005) stated that the gelation process included two step-by-step
reactions: uptake and crosslink.
Gelation time is a fundamental parameter in oilfield applications that quantifies
the total time for gel to form. However, due to different structures, the gelant resistance
factor or dynamic viscosity will keep at low level at the stage of inner crosslinking but
increase sharply at the stage of outer crosslinking. Thus, the transition from inner to outer
crosslinking stage could be more important for field application and simulation studies.
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Sydansk (1988) used bottle test and defined gel-strength code to represent the stage of
gelation. Winter and Mours (1997) applied Tung and Dynes method to define the starting
time of outer crosslinking as the gel point. The method measured the elastic modulus (G')
and loss modulus (G'') and used the time when the ratio of G'' to G' is equal to 1 as the gel
point. Romero-Zerón et al. (2008) implemented Nuclear Magnetic Resonance (NMR) to
investigate the bulk relaxation rate during gelation and proposed the interception point of
two stages of crosslinking could be more feasible and accurate to represent the gel point.
Commonly, it takes a few hours for HPAM/Cr(III) type gel to reach gel point and another
one or couple hours to reach gelation time (Sydansk et al., 2005). However, the recent
publication stated the delayed technology of crosslinking so that the gel point could take
up to one month (Cordova et al., 2008; Sun et al., 2016).
The other key mechanism of gelation is the reaction rate of each crosslinking
stage. Prud'homme et al. (1983) studied the HPAM/Cr(III) gel gelation process using
rheological monitoring and proposed Arrhenius equation for the reaction rate. The
reaction kinetics has polymer reaction order of 2.7 and crosslinker reaction order of 2 for
the outer crosslinking stage. Scott et al. (1987) simplified the reaction kinetics by first
order reaction for each reactant (second order in overall) so that the model could be
generalized to more complex mixture of polymer and crosslinker. Romero-Zerón et al.
(2008) found that the reaction kinetics were not same for inner and outer crosslinking
processes and the inner crosslinking was much slower than outer crosslinking. Their
results proposed that only the outer crosslinking stage of gelation follows a second order
overall reaction (first order on polymer and first order on crosslinker).
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2.3. GEL STAGE
After a gel is formed, it is very difficult to transport through common porous
media, but it might be able to propagate through fractures or fracture-like channels. The
primary mechanisms in this process contain propagation and retention. Residual
resistance factor is a key factor to evaluate the permeability reduction caused by retained
gel.
2.3.1. Propagation. Formed gel propagation through fractures or fracture-like
channels has different transport behavior from gelant solution. Seright (1999, 2001)
studied bulk gel propagation through fractures and concluded that the pressure gradients
required to propagate gels were greater than those for flow of gelants and a threshold
pressure was required to mobilize the gel.
2.3.2. Retention. Gel can retain during propagation through porous media or
fractures. Gel retention may result from many mechanisms including size exclusion of
large molecule, chemical adsorption or attachment by the rock surface, gravity
segregation, diffusion to the pinch-out pores, and bridging (Chauveteau et al., 1998; You
et al., 2013; Zhang and Seright, 2014). Wang et al. (1981) considered a Langmuir
adsorption model as a function of aqueous phase polymer concentration and salinity to
quantify the retention concentration of gel. Seright (2009) studied the mechanism of gel
retention and shown that additional to the monolayer adsorbed on rock surface, gel could
aggregate at the pore throat and accumulate in the pore space, which indicated a pore
filling behavior. Charoenwongsa et al. (2012) also suggested that the retention of in-situ
gel should include both adsorption layer and solid entrapment layer.
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2.3.3. Dehydration. In fact, during gel propagation in fracture, the retention of
formed gel is very complex. Formed gel can retain on surface of fracture to matrix.
Moreover, due to superabsorbent property, the water molecules in gel structure can be
squeezed out and flow through the fracture or to the matrix, which as a result increases
the concentration of gel retained in fractures and forms a filter cake. This process is
denoted as fluid leak-off in studies of bulk gel that has been reported by experimental
researchers (Seright, 1998, 2001; Brattekås et al., 2018).
2.3.4. Residual Resistance Factor. Due to gel retention in pore network, the
permeability of the porous media can be reduced. Residual resistance factor (𝐹rr ) is
commonly applied in lab to characterize the plugging efficiency, which is the
permeability ratio before and after gel treatment shown in Equation 2. Where 𝑘b is
permeability before gel treatment and 𝑘a is permeability after gel treatment.
𝑘

𝐹rr = 𝑘b
a

(2)

As measured in laboratory, 𝐹rr is commonly a constant value that refers to the
final result after gel is fully placed. However, in upscaled field application, the gel
treatment requires the dynamic result with varied concentration and time. Thus, a
function to relate 𝐹rr with polymer concentration is necessary. Yuan (1991) studied the
gel retention and used a tablet model to quantify the relationship between dynamic 𝐹rr
and polymer concentration and the result was reported consistent with the exponential
result. Stavland et al. (1994) proposed the permeability reduction as a linear function of
𝐹rr and adsorbed polymer concentration. Cheng (2012) studied the retention of gel and
stated that the retention of gel could cause higher permeability reduction than prediction

17
of linear model. Their results employed an exponential function of retention
concentration to fit the permeability reduction, which showed a better fitting.
After gel is placed, several factors can reduce the 𝐹rr including chemical
degradations, shear stress, and oil throughput. Seright (1988) studied the degradation of
formed gel and found that unlike the erosion or desorption of polymer, after treatment of
strong gel, the permeability reduction to water was stabilized rapidly and remained stable
for more than six months. However, for long-term consideration, the chemical
degradation that can gradually reduce 𝐹rr cannot be neglectable. Seright (2009) stated that
shear degradation caused by the chasing water can be attributed by several aspects
including the desorption of retained pore-filling gel due to increased pressure gradient.
Brattekås et al. (2016) applied visualization of bulk gel in fracture and observed the
wormhole created in the gel slug due to higher shear stress in the center of fracture.
Ganguly et al. (2002) applied coreflooding in tube model and reported that the rupture
pressure gradient of gel structure was related to the tube size, length, salinity, gel
composition and aging time.
Besides, disproportionate permeability reduction (DPR) effect, or relative
permeability modifier (RPM) effect, is also an important mechanism for gel treatment
that most gel system can provide much higher permeability reduction to water than to oil.
Thus, 𝐹rr is different for water (𝐹rrw ) and for oil (𝐹rro ). Seright (2005) found that the oil
throughput from 1 to 100 PV decreased the gel strength and increased the oil effective
permeability gradually by factors from 5 to 10 times, which explained, as part of the
reason, for the DPR effect. In fact, the proposed mechanisms for RPM are numerous. One
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of the most agreed is the segregated pathways for water and oil proposed by White et al.
(1973) and Nilsson et al. (1998).

3. MODELS FOR NUMERICAL SIMULATION

In this section, we will discuss the numerical models for in-situ gel simulation.
The models include quantitative models that were published in literatures and models that
were reported as build-in functions in commercial/in-house simulators including
UTCHEM, SCORPIO, CMG STARS, POL-GEL, IORCoreSim and Eclipse 300.

3.1. GELANT SIMULATION
3.1.1. Rheology. Polymer rheology is influenced by many factors including
polymer concentration, shear rate, polymer plateau viscosity. The shear rate is influenced
by flow velocity, rock phase porosity and permeability. Polymer plateau viscosity is
influenced by polymer type and polymer concentration.
In laboratory, polymer plateau viscosity is commonly measured using viscometer
at 7.33 s −1 . To fit the laboratory result, Thurston et al. (1987) proposed a linear
regression function to fit the polymer plateau viscosity using polymer concentration and
water viscosity (Equation 3). Stavland et al. (1994) added a F factor that was a function
of active polymer and crosslinked polymer. Delshad et al. (1996) added a salinity factor
to consider the effect of effective salt concentration. Where 𝜇p0 is polymer plateau
viscosity; 𝜇w is water viscosity; 𝐶p is polymer concentration; 𝐴g,1 and 𝐴g,2 are tunning
parameters.
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𝜇0p = 𝜇w [1 + (𝐴p,1 𝐶p + 𝐴p,2 𝐶2p )]

(3)

CMG STARS defines F(x) function by Equation 4 to modify the basic viscosity
mixing rule and describes the change of viscosity that depends on mole fraction 𝑋 of
component 𝑖. The modified model can quantify large scale non-linear viscosity change,
which favors gel simulation. The F(x) function is the input, and the simulator will
calculate plateau viscosity using user-input. Where 𝑥 is mole fraction; 𝑖, 𝑗 are component
in water phase; 𝑝 is polymer component; 𝑛c is number of components in water.
𝑛

𝐹(𝑥) =

0 )−∑ c 𝑥 ∗ln(𝜇 ))
((1−𝑥𝑖 )∗ln(𝜇p
𝑗
𝑗≠𝑖 𝑗
𝑛

c 𝑥 ∗ln(𝜇 )
(1−𝑥𝑖 )∗ln(𝜇𝑖 )−∑𝑗≠𝑖
𝑗
𝑗

(4)

Polymer rheology can depend on the permeability and porosity of the porous
media because the effective shear rate varies with pore size. To quantify the effective
shear rate in porous media, Chauveteau and Zaitoun (1981) proposed shear rate as a
function of 𝑢(1 − ∅)/(∅𝑘)0.5 . Hirasaki and Pope (1974) proposed a function of 𝑢√∅𝑘.
Cannella et al. (1998) reported in two phase flow (oil and water) the effective shear rate
(𝛾𝑒 ) as a function of shear coefficient, water phase velocity, water phase saturation, water
phase effective permeability and porosity (Equation 5). Since then, though varied
coefficients were reported, the general derivation of the Cannella model has not been
changed and widely applied in each simulator. Where 𝑛 is shear coefficient; 𝐶 is
Cannella constant; 𝑢w is water velocity; 𝐾 is absolute permeability; 𝑘rw is water relative
permeability; 𝑆w water saturation; ∅ is porosity.
𝑛

𝛾𝑒 = 𝐶

3𝑛+1 𝑛−1
𝑢w
)
( 4𝑛 ) (
√𝐾𝑘rw 𝑆w ∅

(5)
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For rheology model, Camilleri et al. (1987) proposed Meter’s equation (Meter and
Bird, 1964) to quantify the non-Newtonian behavior of polymer solution (Equation 6).
Due to its simplicity and feasibility, the model is widely used in most simulators to
simulate the shear thinning response of polymer rheology. Where 𝜇app is apparent
viscosity; 𝛾eq is equivalent shear rate; 𝛾s and 𝑃α are tunning parameters.
𝜇app = 𝜇w +

𝜇p0 −𝜇w
1+(

(6)

𝛾eq 𝑃α −1
)
𝛾s

For the IAPV model, the commercial simulators have their different aspects.
Eclipse 300 (Eclipse 300 Manual, 2014) assumes that the IAPV decreases the effective
water saturation; POL-GEL (Yuan et al., 2000a) assumes that the IAPV reduces the
polymer effective volume, which decreases the effective concentration of polymer; CMG
STARS (CMG Manual, 2019) assumes that the IAPV decreases the effective porosity
occupied by polymer. Although on different point of view, all simulators applied the
constant value for IAPV of user input.
For polymer and crosslinker retention, the most widely used is the Langmuir
adsorption model that is a function of aqueous phase concentration and salinity
(Langmuir, 1918; Yuan et al., 2000a; CMG Manual, 2019) (Equation 7). Where 𝐶ads w
is
p
polymer adsorption concentration; 𝐶sep,p is effective salinity; 𝐶pw is aqueous polymer
concentration; 𝑡𝑎𝑑1, 𝑡𝑎𝑑1 and 𝑡𝑎𝑑3 are model input.
𝐶pw

𝐶ads w
= (𝑡𝑎𝑑1 + 𝑡𝑎𝑑2 ∗ 𝐶sep,p ) ∗ 1+𝑡𝑎𝑑3∗𝐶 w
p

(7)

p

Stavland et al. (1994) proposed more complex retention model for crosslinker that
included ion exchange and precipitation (Equation 8). The model was later equipped in
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UTCHEM (Goudarzi, 2015). Where

𝜕𝐶Cr
𝜕𝑡

is crosslinker precipitation rate; 𝑅Cr is reaction

constant; 𝛼, 𝛽 are tunning parameters; 𝐶H+ , 𝐶Cr , 𝐶OH are concentration of H + , crosslinker
and OH ions; 𝐾Crsp is reaction equilibrium. 𝐻Cr0 is constant input parameter.
𝜕𝐶Cr
𝜕𝑡

𝐶Cr ∗𝐶OH 3

= 𝑅Cr (𝐶H+ + 𝐻Cr0 )𝛽 {1 − (

𝐾Crsp

𝛼

) }

(8)

3.2. GELATION SIMULATION
The simulation of gelation contains the transition from polymer/crosslinker to
small aggregates (inner crosslinking) and to large 3D structural crosslinked gel (outer
𝜕𝐶

crosslinking). Scott et al. (1987) applied Arrhenius reaction rate ( 𝜕𝑡g in Equation 9) to
quantify the gelation kinetics. The method assumed one mole of polymer and one mole of
crosslinker forms one mole of gel (𝑚 = 𝑛 = 1). With their method, the laboratory
measured gelation time was converted to the reaction frequency (𝐾) as an input and a
function of temperature, activation function, gas constant and Arrhenius constant. The
analytical solution provides the gelation time using Equation 10. The method has been
applied in CMG STARS and were used in many simulation studies. Where

𝜕𝐶g
𝜕𝑡

is gel

formation rate; 𝐶p , 𝐶Cr are polymer and crosslinker concentrations; 𝑚, 𝑛 are reaction
𝐸𝑎

1

1

orders, reaction frequency factor 𝐾g = 𝐴 exp ( 𝑅 (𝑇 − 𝑇)) , and 𝐴 is Arrhenius constant.
0

𝜕𝐶g
𝜕𝑡

𝑛
= (𝐾g 𝐶p𝑚 𝐶Cr
)

𝑡g = 𝐾𝐶

1

p 𝐶Cr

(9)
(10)
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Stavland et al. (1994) considered this transition process as the changes in polymer
properties that contained fraction of polymer following gel properties instead of using
another component ‘gel’ (Equation 11). Thus, in their model, the component number was
reduced. Where 𝐹g is fraction of polymer that has changed to gel properties; 𝐶 is
concentration; 𝑒𝑥𝑝𝑝, 𝑒𝑥𝑝𝑥, 𝑒𝑥𝑝ℎ are tunning parameters; 𝐸a is activation function; 𝑅 is
gas constant; 𝑇0 is standard temperature and 𝑇 is temperature in Kelvin.
𝜕𝐹g
𝜕𝑡

𝑒𝑥𝑝𝑝

𝐸

1

1

𝑒𝑥𝑝𝑥 𝑒𝑥𝑝ℎ
𝐶CrOH
𝐶H 𝑒𝑥𝑝 ( 𝑅a (𝑇 − 𝑇))

= 𝑎 (𝐶p (1 − 𝐹g ))

0

(11)

3.3. GEL SIMULATION
For gel propagation in fractures, Seright (1998) found that after a certain pressure
was reached, the 𝐹r of formed gel kept constant which indicates a Bingham type fluid.
The flow rate was calculated using Equation 12. Where 𝑞 is flow rate; ℎf is fracture half
length; 𝑤f is fracture width; 𝜇g is gel viscosity; 𝐿 is model length; ∆𝑝 is pressure drop; 𝑦0
is gel cake thickness.
𝑞=

ℎf 𝑤f3 ∆𝑝
12𝜇g 𝐿

(1 −

3𝑦0
𝑤f

+

4𝑦03
𝑤f3

)

(12)

Wang and Seright (2006) applied a power law model to fit the relationship of flow
rate and 𝐹r for three different concentrations of polymer. The pressure drop was
calculated using Equation 13. Where 𝑎 , 𝑛1 , and 𝑛2 are tunning parameters that are equal
to 156, 0.26 and 1.52 for 0.5%/0.0417% ratio of HPAM/Cr(III) gel.
∆𝑝
𝐿

𝑞 𝑛1

= 𝑎( )
ℎf

1
𝑛
𝑤f 2

(13)
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Ouyang et al. (2013) suggested Herschel-Bulkley rheology model for formed gel
propagation with a better fitting result. The flow rate was calculated using Equation 14.
∆𝑝 𝑤f

Where 𝐴 = (− 𝜇

g𝐿 2

𝜏0

1+

−𝜇 )

1
𝑛

g

∆𝑝

1

/ [− 𝜇 𝐿 (𝑛 + 1)], 𝜏0 is yield stress; 𝑛 is shear coefficient.
g

𝑤

𝑞 = 2ℎf 𝐴 ( 2f − 𝑦0 ) − 2ℎf

𝐴
−

∆𝑝
1
1
∗(1+ )(2+ )
𝜇0 𝐿
𝑛
𝑛

+ 2ℎf 𝑦0 𝐴

(14)

For gel retention, Stavland et al. (1994) stated that gel retention could be
quantified by Langmuir type equation (Equation 15). Their model considered a multiplier
(𝑄m ) that was related to fraction of polymer crosslinked. The model was claimed not
fully mechanistically correct due to particle clogging and entrapment but was reported
capable of fitting several sets of experimental results. The model considered the constant
2

rate of filtration. Where 𝑄m = 𝑄p + 𝐶pt [𝐴ga (𝐹gs − 𝐴g0 ) + 𝐵ga (𝐹gs − 𝐵g0 ) ]√𝜙/𝑘 ; 𝐹gs
is aqueous fraction of gel; 𝐴g0 is minimum level of 𝐹gs ; 𝐴ga and 𝐵ga are tunning
parameters for adsorbed gel and filtrated gel; 𝐵g0 represents the onset of more rigid gel
formation (rapid increase in adsorption) when filtration occurs; 𝐶adsm is adsorption
capacity; 𝑏 is model input depend on salinity; 𝐶p,aq is aqueous polymer; 𝐶pt is total
amount of polymer present; 𝜙, 𝑘 are porosity and permeability.
𝐶g,ads =

𝑄m 𝑏𝐶p,aq 𝐶adsm
𝑏𝐶p,aq +1

(15)

Unfortunately, no published simulation research studied the more sophisticate
situation of retention. For reference, Lohne et al. (2010) studied the pore-throat trapping
model and pore-lining retention model of drilling polymer fluid and derived the Equation
16 and Equation 17, respectively, to quantify the trapping rate 𝑅trap and lining retention
rate 𝑅line (unit in PV). Where 𝐶𝑡 is polymer gel concentration at time t, 𝜎 is statistical
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result of trapping PV of polymer, 𝑢w is flow velocity, 𝜙 is porosity, 𝑆w is water
saturation, 𝜆1 is trapping parameter, 𝜆2 is dragging parameter, 𝜆3 is adsorption parameter
and 𝜆4 is desorption parameter, all parameters are in fraction of polymer retained per
travel length unit.
𝑢

𝑅trap = 𝜙𝑆w (𝜆1 𝐶𝑡 − 𝜆2 𝜎)

(16)

𝑅line = 𝜆3 𝐶g (𝐶adsm − 𝐶g,ads ) − 𝜆4 𝐶g,ads

(17)

w

For fluid leak-off model, several simulation models are available. The
conventional Carter’s model (Equation 18) was proposed by Howard and Fast (1970) and
improved by Penny and Conway (1989). The model assumed the filter cake forms
uniformly on the fracture surface when fluid leak-off. Where 𝑢l is leak-off rate and 𝑡 is
time.
𝑢l = 0.05𝑡 −0.55

(18)

Seright (2003) modified Carter’s model and assumed that filter cake forms nonuniformly, which can better fit the experimental results. Brattekas et al. (2015) proved the
Seright’s model by the MRI observation of the gel cake formation. The leak-off rate is
calculated using Equation 19. Where 𝑢m is leak-off rate from mobile gel; 𝑤f is fracture
width.
𝑢l =

𝑢m
1+

∫ 𝑢l d𝑡
𝑤f

(19)

Permeability reduction is contributed by the combination effect of the gel
retention and dehydration. Based on the laboratory measured 𝐹rr , the permeability
reduction has been modeled as a mobility divider by many researchers. The most widely
used model in publications is the linear function of 𝐹rr (Equation 20) (CMG Manual,
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2019; Eclipse 300 Manual, 2014; Lashgari, 2018; Yuan et al., 2000a). The model only
considered one phase permeability reduction. Where 𝐶ad is adsorption concentration of
gel; 𝐶ad,m is adsorption capacity.
𝐶ad

𝑅𝐾𝑊 = 1 + (𝐹rr − 1) ∗ 𝐶

(20)

ad,m

Stavland et al. (1994) has proposed a more complex permeability reduction model
that considered porosity, permeability and the fraction of gel formed (𝐹g ) (Equation 21).
Where 𝑎𝐹rr , 𝑏𝐹rr are tunning parameters; 𝐶g,ads , 𝐶p,ads are adsorption concentration of gel
and polymer.
1

𝑅𝐾𝑊 =

3

−
𝑎𝐹rr (𝐶g,ads −𝐶p,ads )𝐹g ∗𝑏𝐹rr ∗𝑘 2 ∅ 2
1

(21)

3

−
1+𝑏𝐹rr ∗𝑘 2 ∅ 2

IORCoreSim simulator considers the permeability reduction as a function of
effective water porosity and IAPV and the shear factor. The equation is shown in
Equation 22. Where 𝑓sh is shear factor that is a function of shear rate based on CarreauYasuda model; 𝑓𝑟𝑘𝑤 is tunning factor; 𝜙sw is swelling factor of gel.
𝐶

g,ads
𝑅𝐾𝑊 = [1 − 𝑓𝑟𝑘𝑤 ∗ 1−𝐼𝐴𝑃𝑉
((𝜙sw − 1)𝑓𝑠h + 1)]

−2

(22)

For degradation of formed gel as a plugging agent, the mechanism contains
chemical degradation and shear degradation. The chemical degradation rate (𝑅cd ) is
commonly simulated using first order (𝑚 = 1) Arrhenius type kinetics (Equation 23).
Due to low rate of chemical degradation, this model is capable of simulating the time
dependent 𝐹rr reduction. Where 𝐾cd is reaction frequency of chemical degradation.
𝑅cd = (𝐾cd 𝐶gm )

(23)
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The shear degradation has been studied by several researchers. Scott et al. (1987)
considered the shear degradation as the mass reduction of formed gel using a constant
rate for user input. Stavland et al. (1994) considered the effect of shear degradation by a
multiplier on 𝐹rr (𝐹𝑟𝑟 f ) (5224). Where 𝛷0 is minimum pressure gradient to initiate shear
degradation; 𝛷 is effective pressure gradient; and 𝛷f is tunning parameter.
𝐹rrf = 1 − (𝛷 − 𝛷0 ) ∗ 𝛷f

(24)

Lohne et al. (2017) considered the degradation as the mole weight reduction that
was a function of effective shear stress (𝜏), degradation rate (𝑟deg ), current mole weight
(𝑀g ), polymer hydraulic radius (𝑅p ) (Equation 25). 𝛼d is the tuning parameter.
∂𝑀g
𝜕𝑡

= −𝑀w ∗ (𝑟deg 𝜏)

𝛼d

∗

2𝑀g
𝑅p

(25)

As a summary, Table 1 show the models that should be considered during gel
treatment process. The major mechanisms refer to macroscopic mechanisms that
commonly can be observed in lab as phenomena. The minor mechanisms refer to
mechanisms behind these phenomena that need interpretation in quantitative models. All
the simulation models are listed in column four and five, with considered factors and
corresponding mechanisms. The ‘NA’ means no models are reported in the simulators.
The last column describes the eligibility of the models in commercial simulators. The
eligible models marked by ‘Y’ mean the simulation models in current simulators can
provide effective estimation of the corresponding mechanisms. On the other hand, the
ineligible models marked by ‘N’ mean either the models are not available in simulators,
or the quantitative models have not been studied.
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Table 1. Summary of Mechanisms, Simulation Models and Concerned Factors for In-Situ
Gel Simulation
Gelation
stages
Gelant

Major
mechanisms
Fluid flow
dynamics

Minor
mechanisms
Plateau viscosity

Effective shear
rate

Rheology

Simulation models

Considered factors

Reference

Flory-Huggins model

• Polymer concentration
• Salinity
• Water viscosity

Non-linear viscosity
model
Cannella model

• Component mole fraction
• Component pure viscosity
• Permeability
• Porosity
• Flow rate
• Shear coefficient
• Effective shear rate
• Initial viscosity
• Shear coefficient
• Effective shear rate
• Initial viscosity
• Maximum viscosity
• Shear coefficient

Flory, 1953
Meter and Bird,
1964
Thurston et al.,
1987
CMG Manual,
2019
Cannella et al.,
1998

Meter’s shear thinning
model
Dual power law model

Depletion layer model

Retention

IAPV

NA

Adsorption

Langmuir adsorption
model

Ion exchange and
precipitation

Precipitation model

Permeability
reduction

Linear model

Elongation entrapment
model

Gelation

Gelation
kinetics

Degradation

Power law model

Gel point
Gelation time

NA
Second order Arrhenius
reaction kinetics model

Polymer model

• Plateau viscosity
• Water viscosity
• IAPV
• Constant input

• Polymer/crosslinker
concentration
• Salinity
• pH value
• Ion concentration
• Reaction equilibrium
• 𝐹rr
• Adsorption concentration
• Adsorption capacity
• Adsorption capacity
• Water phase effective
porosity
• Shear rate
• IAPV
• Polymer mole weight
• Degradation rate
• Shear stress
• Polymer hydrodynamic
radius
NA
• Polymer/crosslinker
concentration
• Temperature
• Activation Energy
• Gas Constant
• Polymer concentration
• Temperature
• Activation Energy
• Gas constant
• Ion concentration

Simulator
eligibility
Y

Y
Y

Camilleri et al.,
1987

Y

Heemskerk et
al., 1984
Delshad et al.,
2008
Lohne et al.,
2017
Stavland et al.,
2010

Y

N

Eclipse 300
N
Manual, 2014
CMG Manual,
2019
Yuan et al.,
2000a
Langmuir, 1918 Y

Stavland et al.,
1994

N

Scott et al.,
1987

Y

Lohne et al.,
2017

N

Lohne et al.,
2017

N

NA
Scott et al.,
1987

N
Y

Stavland et al.,
1994

N
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Table 1. Summary of Mechanisms, Simulation Models and Concerned Factors for In-Situ
Gel Simulation (Cont.)
Gelation
stages
Formed
Gel

Major
mechanisms
Transport in
porous media
Fracture
propagation

Minor
mechanisms
NA

Simulation models

Considered factors

Reference

NA

NA

NA

Simulator
eligibility
N

Resistance
factor

Bingham model

• Yield stress
• Flow velocity
• Flow rate

Seright, 1998

N

Wang and
Seright, 2006
Ouyang et al.,
2013
NA

N

Seright, 1998
Howard and
Fast, 1970
Seright, 2003

N
N

Power law model

Dehydration

Selective
penetration
Permeability
reduction
Fluid leak-off

Herschel-Bulkley model • Yield stress
• Shear rate
NA
NA
Empirical model
Carter’s model

• Gel concentration
• Leak-off time

Seright’s model

Adsorption

Langmuir adsorption
model

Solid
entrapment
Permeability
reduction

Exponential empirical
model
Linear model

DPR
Shear
degradation
Chemical
degradation

NA
Linear model

• Leak-off rate
• Fracture width
• Porosity
• Water saturation
• Polymer/crosslinker
concentration
• Salinity
• Adsorbed polymer
concentration
• 𝐹rr
• Adsorption concentration
• Adsorption capacity
NA
• Pressure gradient

First order Arrhenius
reaction kinetics model

• Polymer concentration
• Degradation rate

Porous media model
Retention

N
N

N

Andersen et al., N
2018
Langmuir,
Y
1918
Cheng, 2012

N

Scott et al.,
1987

N

NA
Stavland et al.,
1994
CMG Manual,
2019

N
N
Y

4. APPLICATION STUDIES OF IN-SITU GEL SIMULATION

We summarized the published application studies of in-situ gel simulation as
shown in Table 2. The first three literatures conducted the sensitivity studies on gelation
kinetics and gelant injection dynamics using simulation models in laboratory scale. The
gelation process determines the amount of gel that has been formed and retained. The
gelant viscosity and rock permeability can be influenced by the fraction of formed gel.
Helleren (2011) studied the gelant injection 𝐹r , gel retention and post-flush 𝐹rr as a
function of the factors influencing gelation kinetics. If the gel formed during the injection
of gelant, the 𝐹rr due to gel retention will greatly influence the dynamics of gelant
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injection. Hatzignatiou et al. (2014) studied this effect using a simulation core model.
They studied the injection 𝐹r using constant flow rate and injection rate variation using
constant pressure, respectively. The gelation time also influences the loss of gel and
further the placement depth. Hadi Mosleh et al. (2016) studied the effect of gelant
composition and pH value on gelation kinetics and its effect on the gelant penetration.

Table 2. Application Studies Review of In-Situ Gel Simulation
Researcher

Year

Zonal
isolation
Laboratory
scale

Treatment
location
Placement
in core
model

Helleren

2011

Hatzignatiou
et al.

2014

Laboratory
scale

Placement
in core
model

Hadi Mosleh
et al.

2016

Laboratory
scale

Placement
in core
model

Hughes et al.

1990

Both

Producer
WSO

Gao et al.

1993

No

Both

Hwan

1993

No

Producer
WSO

Menzies et
al.

1999

No

Yuan et al.

2000b

No

Herbas et al.

2004a,
b

No

Horizontal
injector
water
diversion
In-depth
fluid
diversion
Both

Seright et al.

2012

Yes

In-depth
fluid
diversion

Influencing factors

Objective Functions

Simulator

• pH
• Temperature
• Polymer concentration
• Residence time
• Gel volume
• Gel composition
• Gelation time
• Gel residence time
• 𝐹rr
• Polymer/crosslinker concentration
ratio
• pH
• Polymer concentration
• Zonal isolation
• Vertical crossflow
• Placement strategy
• Gel volume
• Gel concentration
• Gelant viscosity
• Gel initiation time
• Crossflow
• Treatment location

• Gel retention
• 𝐹r
• 𝐹rr

CMG

• 𝐹r
• Injection rate
• Effluent concentration

CMG

• Gelation kinetics
• Gelant penetration

UTCHEM

• Production profile
• Water cut
• Cumulative oil
recovery

SCORPIO

• Oil production rate
• Cumulative oil
recovery
• Water cut
• Production profile
• Water cut

BOAST

• Injection profile
• Gel distribution

Commercial
Coding
Software

• Cumulative oil
recovery
• Gel/oil ratio
• Water cut
• Oil rate
• Cumulative oil
recovery

POL-GEL

• Mobile oil recovered
• Produced oil/consumed
gel ratio

CMG

• Production rate
• Perforation intervals
• Oil water viscosity ratio
• Horizontal permeability
• Vertical crossflow
• Oil zone thickness
• Crossflow
• Fluid viscosity
• Wellbore friction
• Injection rate
• Gelant concentration
• Gel amount
• Treatment location
(injector/producer/both)
• Gelation kinetics
• Maximum 𝐹𝑟𝑟
• Grid size
• Permeability ratio
• Thickness ratio
• Gel volume
• Gel concentration
• Oil viscosity

Vectorized
Implicit
Program
(VIP)

CMG
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Table 2. Application Studies Review of In-Situ Gel Simulation (Cont.)
Researcher

Year

Zonal
isolation
No

Treatment
location
Injector indepth
water
diversion
Injector
treatment

Influencing factors

Objective Functions

Simulator

• Mean of permeability
• DP coefficient
• Pre-flush Time

• Water cut
• Cumulative oil
recovery

IGW
UTCHEM

• Reservoir wettability
• Reservoir temperature
• Capillary pressure
• Gel composition

• Permeability reduction
• Sweep efficiency
• Water cut
• Cumulative oil
recovery
• Cumulative oil
recovery
• GOR
• Water cut
• Bottom-hole pressure
• Water cut
• 𝐹rr distribution
• Cumulative oil
recovery

UTCHEM

• Cumulative oil
• Gel distribution

CMG

• Cumulative oil
recovery

CMG

• Cumulative oil
recovery
• History match quality

Commercial
black oil
simulator

• Water cut
• Cumulative oil
recovery

CMG

• Water cut

Eclipse

• Cumulative oil
recovery
• Water cut
• 𝐹rr distribution

UTGEL/CMG

Lee and Lee

2013

Shen et al.

2013,
2014a, b

No

Choi et al.

2015

No

In-depth
fluid
diversion

• Gelant dynamic viscosity

Ghahfarokhi
et al.

2016

No

In-depth
fluid
diversion

Temizel et al.

2016

No

Putra and
Temizel

2018

In-depth
fluid
diversion

Xiao et al.

2016

No

Injector
treatment

Sheshdeh et
al.

2016

No

Producer
WSO

Alfarge et al.

2017;
2018

No

Producer
WSO

• Gelation time
• Gel composition
• Maximum 𝐹rr
• Crossflow
• Initiation time
• Gelant volume
• Injection rate
• Permeability ratio
• Maximum 𝐹rr
• Adsorption capacity
• Gel initiation time
• Gel volume
• WAG cycle sequence
• Well type (vertical/deviated)
• Gel volume
• Relative permeability end point
𝐾rw @ 𝑆or and 𝐾ro @ 𝑆𝑤𝑖
• K ratio
• Crossflow
• Maximum 𝐹rrw /𝐹rro
• Reservoir thickness
• Oil density
• Oil viscosity
• Production rate
• Gel penetration depth

Riazi et al.

2017

No

Producer
WSO

Khamees et al.

2017;
2018

No

Injector
treatment

Khamees and
Flori

2018;
2019

• Reservoir type (conventional/tight)
• Average permeability
• Gel injection interval (vertical
depth)
• Gel injection frequency (period)
• Rheology model
• Permeability ratio
• Oil viscosity
• Thickness ratio
• Salinity
• Polymer concentration
• Gel volume
• Sequence of injection
• Cation exchange capacity
• Wettability
• Gravity segregation and dip angle
• Mobility ratio
• Skin factor

CMG

CMG
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The other literatures listed in Table 2 stated field scale applications. For objective
function, cumulative oil recovery is considered in every simulation study as the key result of gel
treatment. However, as a short-term conformance control method, in-situ gel treatment may not
influence cumulative oil recovery as much as other method such as polymer flooding. Thus, the
result of cumulative oil recovery may reduce the significance of in-situ gel treatment. Compared
with cumulative oil recovery, oil rate and water cut may reflect the short-term result of gel
treatment more accurately. Most of the literatures included water cut as one of the major results
but only Herbas et al. (2004a, b) considered the oil rate as an objective function to evaluate gel
treatment. On the other hand, water (injection/production) profile is a critical and concise method
to evaluate the efficiency of in-situ gel treatment. Unfortunately, only three literatures including
Hughes et al. (1990), Hwan (1993) and Menzies et al. (1999) considered the profile change due to
gel treatment. For injection operation, Hughes et al. (1990) and Seright et al. (2012) considered
the zonal isolation injection, while the others applied ‘bullhead’ injection of gelants.
For influencing factors, many factors have been discussed in the sensitivity analysis parts
of these application studies. However, the 𝐹rr (2018) considered the effect of DPR in simulation,
however, the methods they applied did not consider the practical 𝐹𝑟𝑟𝑜 measured from labs.
Alfarge et al. (2018) investigated the RPM effect on gel plugging efficiency by using different
permeability reduction to water (RKW)/ permeability reduction to oil (RKO) ratio. However, the
RKO was assumed to be one for the study which underestimated the formation damage caused by
retained gel. Sheshdeh et al. (2016) applied permeability reduction by an interpolation method
that two different relative permeability curves were set for water flooding before gel placement
and after gel placement, respectively. This method could quantify the different permeability
reduction to water and oil by retained gel after placement by assuming the constant permeability
reduction in each grid. Thus, it inevitably ignored the transient period between two sets of relative
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permeability curves. This is critical because the permeability reduction in each grid was also a
function of gel concentration.

5. DISCUSSION AND SUGGESTIONS

As reviewed above, the simulation studies of in-situ gel treatment have been
conducted for decades. Plenty of models have been proposed by researchers to quantify
the transport and plugging performance of in-situ gel from gelant to formed gel. Based on
these fundamental studies, numerous sensitivity analysis and optimization articles have
been reported for the guidance of field scale application of in-situ gel treatment (Gao et
al., 1993; Ghahfarokhi, 2016; Goudarzi, 2015; Herbas et al., 2004a, b; Khamees and
Flori, 2018; Khamees, 2020; Lee and Lee, 2013; Temizel et al., 2016; Yuan et al.,
2000b). However, all of the simulations provided optimistic results, more or less, in terms
of oil recovery and water cut. Meanwhile, several theoretical studies suggested the
fastidious reservoir environment required for effective gel treatment (Sydansk and
Seright, 2007). Seright et al. (2011a) stated the challenging operations for in-situ gel
treatment and limited situations that in-situ gel treatment could be favored than polymer
flooding. Besides, the field applications also not always reported the successful results
(Aldhaheri et al., 2016).
Based on the comprehensive review, we found the results of many numerical
simulation studies were not quite convincible. As shown in Table 1, many key
mechanisms do not have proper models in commercial simulators, such as IAPV of
polymer flow, gel point in gelation stage, gel transport in porous media, gel retention, gel
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propagation, dehydration, and DPR effect in gel stage, etc. Some of these mechanisms
have numerical simulation models published but have not been applied in simulators, the
others do not have eligible quantitative models for numerical simulation. Besides, some
mechanisms are not considered in application studies. Thus, we categorize the reasons for
questionable results of application studies as the deficient model problems, the missing
model problems, and the application problems.
Deficient model: Deficient models refer to those that related mechanisms have
been considered and are available in current commercial/in-house simulators; however,
the models are not eligible to quantify the mechanisms properly or thoroughly. These
models include gelation process, gel retention, and 𝐹rr models.
The gelation process is considered in simulators using Arrhenius reaction model.
However, the model of gel point has never been considered in the gelation process, which
may greatly influence the gel placement. As mentioned in gelation stages section, the gel
point marks the time the outer reaction takes place, and the resistance factor starts to rise
significantly. For current gelation models in simulator (Polymer + Crosslinker > Gel), the
main problem is that once gelant is injected, the gel starts to form at highest reaction rate
based on Arrhenius reaction kinetics. Simultaneously the early injected gelant can form
gel and retain in the pathway. Therefore, the later injected gel will be diverted from the
gel pathway (most likely the high permeability water channel). Consequently, the early
injected and retained gel inevitably would increase the injection pressure due to
permeability reduction. As a result, without consideration of gel point, the gel placement
cannot be properly estimated, and the injection pressure cannot be properly matched.
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Many researchers discussed methods to determine the gel point; however, no publication
indicates the numerical modeling of gel point.
For retention of formed gel, the conventional Langmuir adsorption as shown in
Equation 15 was reported not accurate by several researchers (Seright, 2000; Cheng,
2012; Charoenwongsa et al., 2012). This is because beside the adsorption, gel can be
trapped by pore throat, retained, and fill the pore. Therefore, the retention volume and
plugging efficiency can be higher than estimated using monolayer Langmuir model and
linear retention model in commercial simulators. Many simulation models were
proposed; however, the models were derived theoretically and only considered single or
limited mechanisms. Thus, no retention models could history match the amount of gel
retained considering the adsorption, solid entrapment, and dehydration mechanisms. In
field of polymeric drilling fluid, the retention model proposed by Lohne et al. (2010) may
be partially qualified in terms of factors concerned. However, the application of their
model still needs consideration of dehydration and needs more experimental results for
validation.
Correspondingly, the 𝐹rr model as a function of retention is also not eligible.
Without consideration of gel entrapment and dehydration effect on gel retention, the
simulation model of 𝐹rr may very possibly overestimate the damage in matrix and
underestimate the plugging efficiency in channels. The general model to quantify 𝐹rr in
simulation studies is Equation 22, which shows a linear relationship with retention. In
fact, the 𝐹rr is very sensitive to the gel strength and formation properties, such as
permeability and porosity. Weak gel restricts flow in low permeability rocks by a factor
that is the same or greater than that in high permeability rock; while strong gel reduces
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permeability of all rocks to the same low value (e.g., micro-Darcy level) (Seright, 2002).
Thus, 𝐹rr model should be a function of gel strength, retention, velocity, channel types
and permeability, and the other formation properties.
Missing model. Some mechanisms do not have quantitative models such as IAPV
model of gelant flow and formed gel transport models. As stated in mechanism section,
IAPV is influenced by many factors. The constant input setting in the commercial
simulators cannot properly estimate the effect of IAPV on gel penetration in low
permeability strata. Thus, the simulation result may underestimate the damage of gel in
oil bearing zone. However, though many researchers reported the IAPV effect, the
studies were only qualitative. Based on our review, only one article discussed the
derivation of IAPV that was reported by Ferreira and Moreno (2019). Their equation was
based on the Stavland et al. (2010)’s rheology model with some assumptions. However,
the model can hardly simulate the effect of IAPV on polymer flow because the model
only fit the situation of shear thinning and assumes low viscosity of polymer that is close
to water (RF~1).
When gel is formed, researchers only discussed the transport regime in open
fractures. The gel is commonly considered not capable of penetrating into the porous
media with complex pore networks (Bai et al., 2015), so that gel will selectively flow to
the fractures or fracture-like channels. However, in relative high permeability matrix,
such as high permeable unconsolidated-sand porous media, weak gel might still be
movable when the threshold pressure gradient is achieved. Thus, more research is
necessary for transport regimes and models of formed gel in relative high permeability
porous media and critical conditions for selective penetration as a function of pore size,
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velocity/shear rate, and gel strength. For gel propagation in fractures, several numerical
simulation models have been proposed in literatures, but the simulators do not have
capable models to quantify the gel transport. In high permeability fractures or fracturelike channels, formed gel can propagate with a much higher resistance factor and
dehydrate on fracture-matrix contact to form a filter cake. The gel cake can decrease the
crossflow of mobile gel from fracture to matrix. Therefore, without consideration of these
transport mechanisms, the simulation result may erroneously estimate the placement of
gel in terms of gel consumption and penetration.
As discussed above and listed in Table 1, the problems of simulators include the
ineligibility of models for gelation kinetics, gel retention and 𝐹rr ; and the lack of models
for IAPV and gel transport.
Problems and suggestions for application studies of in-situ gel simulation. Based
on the previous review and discusses, it seems that the simulation models in simulators
most likely have underestimated the effect of gel for conformance control. The question
is why the application studies of in-situ gel simulation always provided more optimistic
results than analytical and field results, but the results were not very convincible. We
concluded several problems that widely exist in the application studies.
One of the problems is the lack of correct consideration of DPR effect. As
discussed in mechanism section, many polymer gels can reduce permeability to water
more than that to oil or gas (Alfarge et al., 2018; Liang et al., 1995; Seright, 2009;
Willhite et al., 2002); however, the permeability reduction to oil or gas cannot be
neglected. Seright (2009) summarized the 𝐹rro results from experiments and found that
the 𝐹rro ranged from 2.7 to 59 in Berea sandstone. Though the 𝐹rro is smaller than 𝐹rrw ,
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considering the irreversible retention of formed gel in porous media, the damage to oil
bearing zone, with 𝐹rro up to 59, is severe.
Theoretically, DPR effect was reported only of value for gel treatment at
production well for water shutoff (Sydansk and Seright, 2007), because only for
production well treatment, the remaining oil would flow through the gel zone. However,
in simulation studies, the DPR effect might also have influenced the mobile oil flow for
in-depth treatment. This is because numerous literatures applied excessive large volume
of gel treatment (over one-month gelant injection) for in-depth fluid diversion, which
caused the gelant flowing in-depth through channels and invading the oil-bearing
matrices from channels. In these simulation studies, 𝐹rro were ignored. Thus, even though
a large amount of gel had been erroneously placed in oil-bearing strata, the DPR effect on
oil effective permeability was not considered and damage was neglected. Thus, the
simulation results were not convincible.
Another problem is the lack of consideration of the matrix fracking or fracture
propagation (or extension). Due to pressure rise caused by low mobility of gelant and gel
retention, the injection pressure required for gelant placement can easily overcome the
formation fracking pressure and cause the creation of new fractures in matrices or
extension of existing fractures to the matrices (Khodaverdian et al., 2009). Consequently,
the simulation of gel treatment needs consideration of geomechanics. With our review,
we found that in most current simulation studies, the injection pressure was commonly
set to be unlimited to ensure a good match of injection rate. Without consideration of
fracking model during gelant placement, the injection pressure will increase much higher
than practical result in field and cannot guide applications. Moreover, the simulated
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injection pressure will very likely be higher than pump limitation. Thus, although the
simulation studies showed optimistic oil recovery and water cut reduction, the results
could hardly provide reasonable estimations to the field operations.
The third problem is the misconception of gelation kinetics. As discussed in
previous section, the gelation contains an inner crosslinking (low viscosity period) and an
outer crosslinking (high viscosity period). Current application studies did not consider the
gel point and applied an Arrhenius equation to quantify the gelation process. The problem
with this model is that highest reaction rate occurs at the beginning because the rate is
positively dependent on the remaining reactants’ concentration. Thus, the gel will be
quickly formed from the beginning of gelant injection, and the fluid viscosity will be
increased. When a large amount of gelant was injected, in most application studies, the
gelant were erroneously like a super-polymer-flooding agent instead of a plugging agent,
which would greatly mislead the field operations (Seright and Brattekas, 2021). Because
improper low values of 𝐹rr were applied in these application studies, the oil recovery and
water cut results seemed very optimistic. However, if retention model and 𝐹rr were
considered properly, the later injected gelant would be diverted to the low permeability
matrices and damaged the formation due to early retention of formed gel. Because in
laboratory experiments, the injection time is commonly shorter than the gel point, the
measured 𝐹𝑟 result does not include 𝐹rr , however, in field application, the injection time
could be much longer. Thus, for gelation kinetics, we suggest applying simulations caseby-case considering field scale gelant placement time. For placement duration much
shorter than gel point (small treatment amount), 𝐹rr model should not be included in
gelant placement stage. 𝐹𝑟 model could be applied for rheology model of gelant directly
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and 𝐹rr model should be applied for permeability reduction model for post flsh,
respectively. For gelant placement duration close to or smaller than gel point (obvious
viscosity rise and retention will happen during gelant injection), both 𝐹𝑟 model and 𝐹rr
model should be applied in gelant placement and 𝐹rr model should be applied in post
flush as well.
Last but not least, for severe channeling (e.g., super-permeability channel,
fracture-like channel, or fractures), the fluid flow in channels should not be considered as
Darcy flow. The high flow velocity in severe channels commonly exceed the Reynolds
number (Re) for laminar or Darcy flow. Non-Darcy behavior is important for describing
fluid flow in situations where super-high velocity occurs. Although the critical Re for
non-Darcy flow is very inconsistent that ranges from 0.1 to 1000 depending on the rock
and fluid properties (Chilton and Colburn, 1931; Ergun and Orning, 1949; Fancher and
Lewis, 1933; Ma and Ruth, 1993), a typical value of Re=10 may be applied for gelant
flow in severe channels. Hassanizadeh and Gray (1987) explained this value for nonDarcy flow as the result from the increase in the microscopic viscous force at high
velocity. We suggest future studies to consider the non-Darcy flow in simulation of
gelant flow in severe channels and implement appropriate models in simulators.

6. CONCLUSION

Simulation of in-situ gel treatment is a comprehensive work due to the complex
physiochemical properties of gel and the interactions between gel and formation. As a
result, in this review, we classified the process of in-situ gel treatment as three stages and
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summarized the major factors to be considered during each stage, the mechanisms for insitu gel treatment and the published numerical simulation models.
A comprehensive table of simulation models is provided to compare the essential
mechanisms with the published simulation models and the eligibility in simulators. The
results show that the mechanisms including plateau viscosity, effective shear rate,
rheology, polymer/crosslinker retention, gelation time, and chemical degradation of
formed gel, have eligible models in integrated commercial/in-house simulators. The
mechanisms including gelation kinetics, gel retention and Frr model have corresponding
models in simulators, but the models cannot fulfill the needs required by the mechanisms.
The mechanisms including IAPV of gelant, formed gel transport model, do not have
eligible models in simulators. The gel propagation in fractures has several published
empirical models (as shown in Table 2) but has not been incorporated in simulators,
while the critical condition for gel selective penetration still needs more studies on
quantitative models.
A critical review of the published application studies using commercial/in-house
simulators shows that the results of these application studies are questionable because (a)
the simulators lack the essential models for in-situ gel treatment and (b) the problems
existing in simulations include incorrect consideration of DPR effect for in-depth fluid
flow diversion treatment and water shutoff treatment, the lack of consideration on the
matrix fracking or fracture propagation, the misconception of gelation kinetics, and the
non-Darcy flow in severe channels.
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Simulation of in-situ gel has been studied by many researchers for decades,
however, major improvements are still in need to properly quantify the process of gelant
placement, gelation kinetics, and formed gel mechanisms for conformance control.
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II. REVIEW OF TRANSPORT MECHANISMS AND NUMERICAL
SIMULATION STUDIES OF PREFORMED PARTICLE GEL FOR
CONFORMANCE CONTROL

ABSTRACT

Reservoir heterogeneity is one important reason for low oil recovery and early
excessive water production. As an effective method to improve sweep efficiency and to
reduce excessive water production, preformed particle gel has been applied widely in
oilfields to control reservoir conformance due to its advantages in easy mixing and
pumping, and gel quality control, compared to traditional in-situ polymer gels. Many labscale experiments and numerical simulations have been also conducted to understand
particle transport mechanisms, plugging performance, and/or assist field application
design. In this paper, we provide a comprehensive review that summarizes the
mechanisms and empirical models of particle gel transport and retention from
experiments and the numerical simulation models including the percolation model, size
exclusion model and lattice Boltzmann model in three scales of applications,
respectively. We emphasized that the models to simulate open fracture and the porous
media with pore networks should be different due to the different transport and plugging
mechanisms of particle gels. Models and analyzed results presented in this review will
help elucidate the problems and limitations in commercial/in-house software and
published simulation models of particle gels for conformance control. The review results
suggest the immature status of numerical simulation models on particle gel treatment in
many key aspects. As a result, we also present suggestions and discussions with related
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bulk gel and fine particle models for future experimental and quantitative studies in order
to develop an integrated field scale simulation model of preformed particle gel for
conformance control.

1. INTRODUCTION

Waterflooding has been practiced for several decades as a secondary recovery
method. However, due to long time waterflooding in many oilfields, high permeability
contrast, the existence of fractures, and/or unfavored mobility ratio, the injected water
tends to flow through least resistant pathways, which results in poor sweep efficiency and
leaves large amount of oil behind. The consequences of this problem include rapid
decline in hydrocarbon recovery, the need for water-oil separation, increased cost of
pumping, treatment, disposal of produced water, the premature abandonment of well, etc.
Published data indicates a 40-billion-dollar budget comes from excessive produced water
disposal in petroleum industry each year and more than 7:1 produced water oil ratio is
reported in the United States (US EPA). Excessive water production has been a problem
in petroleum industry especially in ageing oilfields that account for liquid waste as high
as 95% (Kaur et al., 2009). Worldwide, about 40% of 250 million barrels’ produced
water per day is released to environment (Ebenezer et al., 2014). As the rate of
discovering new reservoirs decreases, minimizing water production, that can effectively
extend economic life of mature reservoirs, has become increasingly important through
improved oil recovery technique. Conformance control is generally defined as a
technique to block the paths of least resistance between injected water source and
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production wells, which can encourage displacing movable oil or gas in commonly unswept zone and improve water drive closer to optimal conforming condition (Bai et al.,
2015). Conformance-control treatments are designed to improve volumetric sweep
efficiency during oil-recovery flooding operations and to reduce excessive coproduction
of injection fluids with oil such as water and gas. Several methods, such as mechanical
isolation to divert water flow, have been proposed and tested in fields. Many successful
results have also been reported with polymer gel systems that are flexible for pumping
without a work-over rig, have excellent control of setting time, offer deep penetration
into the formation and allow easy removal of well-bore clean-up (Perez et al., 2001).
Polymer gel treatment is one of the most economic and effective methods due to its
strong capability to block the thief zone and redistribute the water drive.
Due to complicated physiochemical properties of gel systems that usually
contains crosslinked high molecular polymers, gel treatment is commonly sensitive to
reservoir temperature, pressure, salinity, heterogeneity, channel size as well as the
production history (Bai et al., 2004; Khamees et al., 2018; Jahanbani et al., 2016).
Compared with conventional in-situ gel systems, preformed particle gel treatment has
become a new trend for conformance control due to relatively stable and simple injection
process. Moreover, micro-, and millimeter-sized particle gel can selectively penetrate and
plug the high-permeability channels, which can minimize the penetration and damage on
un-swept oil-rich zones. The preformed particle gels used for conformance control can be
classified as submicron- or nanogel (e.g., Brightwater), microgels (e.g., microgel,
deformable microsphere, dispersed particle gel), and millimeter sized preformed particle
gel (PPG, larger than 50 µm,) in terms of their difference in size. All of them belong to
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the family of superabsorbent polymers (SAP) that can swell and absorb a few up to
hundreds of times of their mass with water (Bai et al., 2015). It has been reported that
PPGs and microgels have been applied in more than 10,000 wells to control the
conformance of water flooding, polymer flooding and CO2 flooding (Bai et al., 2015;
Qiu et al., 2017).
Numerical simulation is a very important tool to optimize a field EOR design and
predict reservoir performance. However, there are limited field scale simulations about
particle gel treatment reported and their results are also questionable. For example,
Garmeh et al. (2012) simulated the particle gel using the polymer flooding model, which
simplified the particle gel treatment as polymer flooding and ignored the formation
damage in oil-bearing zones. Delshad et al. (2013), Goudarzi (2015) and Alhuraishawy et
al. (2018) directly integrated empirical models into UTGEL to simulate PPGs transport
both in lab and field scale models. However, the model could not be generalized because
these models did not consider particle retention and dehydration, which is of major
importance to the prediction of the gel transport distance and its associated treated
areas/volumes. In fact, simulation of particle gel is complicated since it requires phase
behavior characterization in macroscopic and particle interaction interpretations in
microscopic. At the same time, due to different flow regimes and applied particle sizes,
transport of particle gel in fracture needs separate simulation models from the transport in
matrix. Thus, the particle gel simulation studies include three different scales. Grain scale
model is the pore level simulation that can characterize the particle-particle and particlefluid interactions where particle gel properties dominate the flow regimes in porous
media. Core scale model refers to the capillary tube flow models and core-based models
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with pore network, in which particle-pore throat interactions dominate the flow regimes
of particle gel in porous media. Fracture model refers to the models containing fracture or
fracture-like channels in which the non-Newtonian fluid flow properties of particle gels
dominate the particle gel flow regimes.
To better simulate the phenomena in particle gel treatment, to analyze the gap
between simulation models and critical particle gel mechanisms, and to meet the needs of
field applications, this paper presents a comprehensive review for the mechanism studies,
empirical models and current available simulation models. Meanwhile, based on the
critical mechanisms, this paper provides recommendations and some supplementary
models based on the studies of bulk gel and fine particles for references. The review
results are essential to establish the quantified and integrated particle gel treatment
simulator, and to provide guideline for future experimental research and numerical
simulation studies.
.
2. TRANSPORT MECHANISMS OF PARTICLE GELS

Extensive lab experiments have been conducted to understand the transport and
plugging mechanisms of particle gels in fluid flow channels (Bai et al., 2004; Yao et al.,
2014; Zhao et al., 2014; Wang et al., 2017; Zhao et al, 2018). It is well recognized that
nano- to micro-sized gel particles are mainly used to solve the preferential flow problem
in matrix while millimeter-sized particles gels are more preferred to be used in fracture or
fracture-like features. Thus, depending on the size of particles, two types of physical
models are employed to investigate particle gel transport and plugging mechanism
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including the porous media models with pore network (e.g., consolidated rocks, sandpack
models, etched glass model) and open fracture models (e.g., fully open fracture and
partially open fractures). It is important to investigate both the transport and plugging
performance of particle gels for conformance control treatments. The transport
performance of particle gels mainly influences their placement including gel migration,
transport distance, injection profile, and potential formation damage, while plugging
performance is a critical factor for conformance control. The plugging performance of gel
mainly results from the retained gel.

2.1. TRANSPORT IN OPEN FRACTURE
Milli-meter sized preformed particle gels (PPG, larger than 50 µm) are often
applied in fracture or fracture like channels to plug the thief zones. Extensive lab tests
have indicated that millimeter-sized PPG cannot transport through the porous media and
matrix containing complex pore-networks under normal reservoir pressure gradient (Bai
et al., 2012 & 2013) because the particle size is too large compared with matrix pore
throat. Consequently, the retained particles aggregate and form a gel cake on the rock
surface, which causes a significant rise in pressure gradient. This gradient will exceed the
threshold pressure gradient required for particle extrusion through the open fracture but
insufficient to push the compressed particle into the pore of matrix.
Imqam et al. (2015) studied the threshold pressure of PPG to penetrate conduits
using tubing models and presented the relationship of threshold pressure, the ratio of
particle size to tube diameter, and gel strength, as shown in Figure 1.
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Figure 1. Conduit Model Threshold Pressure (Data Cited from Imqam et al., 2015, Dg:
particle diameter, Dp: conduit diameter, G’: gel strength)

As threshold pressure is reached, PPG can be injected into the fracture. Zhang &
Bai (2010) studied the transport performance of PPG using open-fractured models. The
resistance factor results indicated a log-log scale relationship with flow rate, shown in
Figure 2. Imqam et al. (2015) also studied the PPG transport in fracture using conduit
model and observed the resistance factor response, shown in Figure 2, as the same trend
with open fracture model.

Brine
Concentration

a.

b.

Figure 2. 𝐹𝑟 Results During PPG Transport in Fracture
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Seright (2001) observed the same phenomena when he investigated the preformed
bulk gel propagation through open fractures.
During gel propagation in fracture, the retention of PPG is very complex. PPG
can retain on surface of fracture with the retention rate related to the particle size, particle
strength, concentration, pressure drop along the facture, and the pressure difference
between fracture and matrix (Zhang & Bai, 2010; Imqam et al., 2015; Wang, 2019).
Moreover, due to superabsorbent property, the water molecules in gel structure can be
squeezed out and flow through the fracture or to the matrix, which as a result increases
the concentration of gel retained in fractures. This process is denoted as fluid leak-off in
studies of bulk gel that has been reported by experimental researchers (Seright, 1998 &
2001; Krishnan et al., 2000; Brattekås et al., 2018).
Residual resistance factor (𝐹𝑟𝑟 in Equation 1) has been employed to quantify the
impact of retained gel on water flow. 𝐹𝑟𝑟 in open fracture has been observed as a function
of shear rate, PPG concentration, gel strength and particle-fracture size ratio (Wang,
2019).
𝐾

𝐹𝑟𝑟 = 𝐾𝑏
𝑎

(1)

where 𝐾𝑏 is the water effective permeability before gel treatment, 𝐾𝑎 is the water effective
permeability after gel treatment.
Wang & Bai (2018) and Wang et al. (2019) studied the PPG retention and fluid
leak-off using a partially opened fracture model shown in Figure 3a and observed large
amount of gel retention during transport in fracture, shown in Figure 3b. Their
experiments suggested the leak-off rate was very sensitive to the pressure difference. The
placed PPG dehydrated more and 𝐹𝑟𝑟 was increased when higher injection pressure was
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applied. They found the uniform leak-off on both fracture surface and at tip of fracture
and was independent of location inside fracture, which was same with the observation in
fully opened fracture model. However, no quantitative studies for PPG retention and fluid
leak-off numerical models have been reported.

a.

b.

Figure 3. (a) Partially Opened Fracture Model with Sandstone Cores and (b) PPG
Retention along the Fracture. (Red line denotes the gel propagation pathway) (From
Wang, 2019)

2.2. TRANSPORT IN POROUS MEDIA WITH PORE NETWORKS
Nano- to micro-sized particle gels are commonly applied in the porous media with
pore networks including conventional porous media and hydraulic fractures containing
proppants. The transport of particle gels in such porous media may experience shearing,
retention, deformation, and breakage. Based on the observation of microgel transport
through pore throat in transparent models, Bai et al. (2007) classified the transport
behavior of particle gels as six regimes: direct pass, adsorption, trap, deform and pass,
shrink and pass, snap-off and pass. Direct pass refers to a particle (commonly smaller
than a pore throat) that can move through a pore throat when displaced by water.
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Adsorption refers to when attraction force between rock surface and PPG surface is
dominant, and some particles are adsorbed/retained onto a porous-media surface. Trap
refers to a particle blocked at the entrance of a pore throat. Deformed and Pass refers to
situation that the displacement force by flowing water changes the particle shape and
squeezes the particle through the pore throat. Shrink and Pass refers to the situation that
by the water displacement force, the swollen particle is dehydrated under pressure, and
the dehydrated particle can pass through the pore throat due to shrunken size. Snap-Off
and Pass refers to the situation that a particle is broken into smaller pieces by the shearforce and pass through the pore throats.

a. PPGs moving to throat

b. PPGs broke to two pieces c. Bigger PPGs tried to pass

d. PPGs more arched

e. PPGs enters two throats

f. PPGs broke again and pass

Figure 4. Process of PPG Transport through Throat (From Bai, 2004) (The micromodel
has scales of pore-throat diameter that ranges from 50 to 300 𝜇𝑚)
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During particle gel transport in porous media, different flow regimes may exist
simultaneously. Figure 4 shows one example that indicates the transport process of gel
particles through a pore throat.

a. Capture-plugging

c. Superposition-plugging

b. Superposition-plugging

d. Bridge-plugging

Figure 5. Retention Mechanisms of Gel Retention Observed in Transparent Model (From
Yao et al., 2014)

Yao et al. (2014) implemented transparent sandpack model to observe the elastic
microsphere plugging performance and concluded that the particle gel was retained at
pore throats due to capture, superposition, and bridging, shown in Figure 5.
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Zhao et al. (2014) studied dispersed particle gel (DPG: size 1~100 um) using both
sandpack and glass models and observed similar retention mechanisms including
adsorption, trapping, and bridging. With these mechanisms, particle gel retained and
filled the pore space. Thus, it decreased the porosity and corresponding permeability.
When pressure gradient was higher than the restarting pressure gradient, also called
critical pressure gradient or threshold pressure gradient, retained particle gel was
deformed and restarted migration.

Figure 6. The Variable Diameter Capillary Model (From Zhao, 2018)

Figure 7. Capillary Tube Model Results (Data Cited from Wang, 2017, E: Elastic
Modulus)
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The deformation and restarting pressure gradient have been investigated by many
researchers (Ma et al., 2016; Wang et al., 2017; Zhao et al., 2018; Lei et al., 2019) using
porous media models and the capillary tube model shown in Figure 6. Wang et al. (2017)
concluded that the pressure gradient is a function of size ratio of particle gels to porethroat and gel elastic modulus E as shown in Figure 7. Lei et al. (2019) also indicated the
pressure gradient is a function of friction coefficient.
The major mechanisms and the corresponding experimental models are
summarized in Table 1.

Table 1. Summation of Major Mechanisms and Experimental Models
Transport
Media

Mechanism

Gel Type

Experimental Model

Open Fracture

Fluid Leak-off
Resistance Factor
Resistance Factor
Threshold Pressure
Resistance Factor
Retention
Residual
Resistance Factor
Transport Regime

Bulk Gel
Bulk Gel
PPG
PPG
PPG
PPG
PPG

Open Fracture
Open Fracture
Open Fracture
Open Conduit
Open Conduit
Partially Opened Fracture
Open Fracture

Major Reference
First Author and
Time
Seright 1998
Seright 2001
Zhang 2010
Imqam 2015
Imqam 2015
Wang 2018
Wang 2019

Preformed
Microgel
Microsphere
DPG
DPG

Transparent Model

Bai 2007

Transparent Sandpack
Sandpack & Glass
Capillary Tube

Yao 2014
Zhao 2014
Wang 2017

Porous Media

Pore Plugging
Retention
Deformation and
Restart

3. MODELS FOR NUMERICAL SIMULATION

Based on the summary of experimental results shown in Table 1, we need to
classify the simulation into two categories when we simulate particle gel treatment for
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conformance control: transport in open fracture and transport in the porous media with
pore network. The reason to separate fracture particle gel simulation from porous media
particle gel simulation is the difference in dominant phase properties of particles. In the
porous media, the interactions between particle-rock, particle-fluid, and particle-particle
strongly impact the passing regime through the pore throat, which indicates the
domination of solid properties. Contrarily, in fracture, due to large amount of gel particles
aggregation in the fracture and the penetration through the pore throat is limited, the
flowing regime is more like continuum hydrogel, which indicates the domination of fluid
properties.

3.1. SIMULATION OF MILLIMETER-SIZED PPG TRANSPORT IN
FRACTURE
Based on the mechanism analysis in previous section (summarized in Table 1),
simulating the transport of PPG (size>50𝜇𝑚) in fracture should consist of three critical
factors: propagation, retention, and fluid leak-off. As a result, compared with the
conventional method of particle fracture flow model using deep bed filtration (Sharma &
Yortsos, 1987; Bedrikovetsky, 2008; Gitis et al., 2010) which only considers constant
filtration coefficient and all pores accessible, the transport of PPG in fracture or fracturelike channels can be more complicated.
Polym Based on the mechanism analysis in previous section (summarized in
Table 1), simulating the transport of PPG (size>50𝜇𝑚) in fracture should consist of three
critical factors: propagation, retention, and fluid leak-off. As a result, compared with the
conventional method of particle fracture flow model using deep bed filtration (Sharma &
Yortsos, 1987; Bedrikovetsky, 2008; Gitis et al., 2010) which only considers constant
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filtration coefficient and all pores accessible, the transport of PPG in fracture or fracturelike channels can be more complicated.
3.1.1. Models Related To Particle Gel Injectivity And Propagation. PPG
transport in fracture contains aggregation of large amount of gel particles that continuum
fluid property of gel dominates and behaves as propagation.
Zhang & Bai (2011) analyzed the transport of PPG in open fracture using glassmade fracture physical models and obtained an empirical power law equation for flow
rate (𝑞) and injection pressure (𝑃), shown in Equation 2. In the equation, 𝛼 and 𝑛 are
constants related to brine concentration and fracture width, respectively.
𝑃 = 𝛼 ∗ 𝑞𝑛

(2)

Imqam et al. (2015) studied stable injection pressure for PPG to propagate in
conduit using tubing models and proposed that stable injection pressure (𝑃𝑠𝑡𝑎𝑏𝑙𝑒 ) depends
on strength of gel and ratio of particle to conduit radius shown in Equation 3. Their work
also fitted resistance factor (𝐹𝑟 ) based on the Bai & Zhang’s concept and concluded that 𝐹𝑟
is as a function of shear rate (𝛾) and gel strength (Equation 4) and fitted the residual
resistance factor (𝐹𝑟𝑟 ) model as a function of velocity, salinity, and conduit diameter but
the tuning parameters were not fitted. With different sets of salinity data (from 0.05% to
10%), the fitting goodness 𝑅 2 range from 0.98 to 0.96.
𝑃𝑠𝑡𝑎𝑏𝑙𝑒 = 2 ∗ 10

−6

2.3561𝐺 ′−0.053
′2.5988 𝐷𝑔
( )
𝐺
𝐷𝑝

(3)

where 𝐺′ is the gel strength in Pa (elastic modulus), 𝐷𝑔 is the gel diameter, 𝐷𝑝 is the
conduit diameter.
𝐹𝑟 = 3831.3(3𝑒

−17

𝐺

−17 𝐺 ′
′5.6391 0.2709 −0.6001(3𝑒

)

𝛾

5.6391 −0.01

)

(4)
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3.1.2. Models Related To Particle Gel Retention In Fracture. Goudarzi (2013)
and Alhuraishawy et al. (2018) applied build-in adsorption model in an in-house
simulator (UTGEL) to quantify the retention of particle gel in fracture for their field
simulation study.
To quantify the permeability reduction due to particle gel retention in fracture,
Goudarzi (2015) used a power law equation for 𝐹𝑟𝑟 (Equation 5). The model is based on
the lab results of Imqam, (2015). Because the experimental results showed that the
swelling ratio and the strength of swollen gel particles are strongly sensitive and related
to the effective salinity and applied shear rate. For conformance control, the gel strength
after particles is swollen is critical to the gel performance in terms of channel blocking
efficiency. Thus, they applied salinity and shear rate as two variables in the equation.
Goudarzi (2015)’s model calculated permeability reduction (𝑅𝐾) with retained particle
gel using linear relationship (Equation 6).
𝑏

𝐹𝑟𝑟 = 𝑎1 (𝐶𝑆𝐸 )𝑎2 𝛾𝑒𝑞2

(5)
𝐶

𝑅𝐾 = 1 + (𝐹𝑟𝑟 − 1) (𝐶 𝑎𝑑𝑠 )
𝑎𝑑𝑠𝑚

(6)

where 𝐶𝑆𝐸 is effective salinity, 𝛾𝑒𝑞 is equivalent shear rate, 𝑎1 , 𝑎2 , 𝑏2 are tuning
parameters, 𝐹𝑟𝑟 is residual resistance factor calculated using Equation 5, 𝐶𝑎𝑑𝑠 is adsorbed
concentration, 𝐶𝑎𝑑𝑠𝑚 is maximum adsorption.
The linear relationship was commonly used for polymer adsorption and
permeability reduction in commercial/in-house simulators. Since Stavland (1994)
proposed the Langmuir adsorption model for polymer adsorption and linear relationship
for permeability reduction, the models have also been applied for many kinds of gel
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simulations in commercial software. However, the permeability reduction due to gel
retention in fracture is usually much higher than that anticipated from Langmuir type
adsorption equation. The reason could be the retention of gel commonly fills the whole
volume of the fracture with combination of several retention mechanisms to reduce the
fracture permeability, but the logarithmic type of Langmuir model only accounts for the
monolayer adsorption on rock surface.
Due to similar molecular structures and aggregations in fractures, we reviewed the
retention models of bulk gel as references. Charoenwongsa et al. (2012) developed a gel
propagation model during hydraulic fracture creation process. They considered the high
retention of gel in fracture as non-equilibrium adsorption with an exponential type of
kinetics function by modifying Langmuir adsorption equation, shown in Equation 7 and
Equation 8.
𝐶𝑔,𝑎𝑑𝑠 =
𝐾𝑎
𝐾𝑏

𝜅𝑎 𝐶𝑔,𝑎𝑞 𝐶𝑎𝑑𝑠𝑚
𝜅𝑎 𝐶𝑔,𝑎𝑞 +1

= exp(−𝜓𝐶𝑔,𝑎𝑑𝑠 )

(7)
(8)

where 𝐶𝑔,𝑎𝑑𝑠 is adsorbed concentration of gel, 𝐶𝑎𝑑𝑠𝑚 is maximum adsorption capacity, 𝜅𝑎
is Langmuir constant related to salinity, 𝜓 is tuning factor. 𝐾𝑎 , 𝐾𝑏 refers to permeability
of fracture after and before gel is placed.
They explained nonequilibrium adsorption with combined retention mechanisms
including adsorption and filtration at fracture-face. As shown in Figure 8, Δ𝑦𝑚1 refers to
adsorption layer on rock surface and 𝑙𝑐𝑎𝑘𝑒 refers to filter cake layer due to size exclusion.
The permeability after gel retention is calculated using harmonic-average of adsorption
𝑎𝑑
layer permeability 𝑘𝑚1
and filter cake permeability 𝑘𝑐𝑎𝑘𝑒 .
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Figure 8. Double-Layer Model of Retention (From Charoenwongsa et al., 2012)

3.1.3. Models Related To Fluid Leak-Off. As of filtration by the smaller pore
throats, particle gel in fracture is commonly inhibited from passing through the pore
throats of adjacent matrix. Thus, many types of particle gels lose water (dehydrate)
during propagation through fractures. Consequently, larger volume of gel is required to
reach a given distance than being anticipated from the fracture volume. Due to no
published quantitative studies of particle gel fluid leak-off, three types of leak-off models
of bulk gel are presented below as references including Carter’s model, Seright’s model
and Andersen’s porous media model.
Howard & Fast (1970) proposed the classic Carter’s model for quantification of
fluid leak-off of gel during hydraulic fracturing. The model assumed the filter cake forms
uniformly on the fracture surface when fluid leaks off. Thus, the gel cake on the fracture
faces was uniformly distributed, shown in left hand side of Figure 10. The leak-off rate
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(𝑢𝑙 ) is only dependent on time (t) calculated using Equation 9. The coefficients were
fitted based on the experimental results.
𝑢𝑙 = 0.05𝑡 −0.55

(9)

Seright (2003) modified Carter’s model and assumed that filter cake forms nonuniformly (right hand side of Figure 11), which was stated to offer a better fit to his
experimental results of preformed bulk gel transport through fracture. Brattekås et al.
(2016) proved the Seright’s model by the MRI observation of the gel cake formation. The
leak-off rate is calculated using Equation 10.
𝑢𝑙 =

𝑢𝑚
1+

∫ 𝑢𝑙 𝑑𝑡
𝑤𝑓

(10)

where 𝑢𝑚 is leakoff rate from mobile gel, 𝑢𝑙 is total leakoff rate, 𝑤𝑓 is fracture width, t is
time and integral from t=0.
Alternatively, Andersen et al. (2018) proposed a ‘porous media’ model of the gel
cake and assumed that retained gel structure has porosity ∅𝑔 filled with water, shown in
Equation 11. The permeability of gel was calculated using a type of Carman-Kozeny
equation (Equation 12) (Carman, 1937).
The equation was derived from the Hagen-Poiseuille equation for laminar flow in
a tube described by the hydraulic diameter and tortuosity of the porous media. This
concept accounted for porosity reduction due to retained gel as ∅ ∗ ∅𝑔 and calculated
permeability based on concentration of gel using Equation 13. In addition, the fluid leakoff process was quantified as an imbibition process driven by fracture-matrix pressure
drop.
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Figure 9. Carter’s Leak-off Model (left) and Seright’s Modified Model (right) (From
Seright, 2002)

𝐶𝑔 = 1 − 𝐶𝑤 = 1 − ∅𝑔
𝐾𝑔 =
𝑆𝐹 =

∅3𝑔

(1−𝐶𝑔 )

2

2𝜏(1−∅𝑔 ) 𝑆𝐹2
𝜋𝐷𝑟𝑜𝑑
𝐷
𝜋( 𝑟𝑜𝑑 )

(11)

2

3

= 2𝜏𝐶 2 𝑆𝐹2

(12)

𝑔

(13)

2

where 𝐶𝑔 is gel concentration, 𝐶𝑤 is water concentration (saturation), ∅𝑔 is gel structure
porosity, 𝜏 is local shear stress and 𝑆𝐹 is specific surface area (Equation 13) calculated
based on long rod elongation model (Lohne et al., 2010). Rod diameter 𝐷𝑟𝑜𝑑 depends on
type of polymer used for the formed gel and given by 0.53 nm in the literature for HPAM
type polymer.
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4. SIMULATION OF MICRO- AND NANO-GEL TRANSPORT IN POROUS
MEDIA

Due to complex transport regime of micro- and nano-gel in porous media
discussed in mechanism section, many simulation models simplified the transport process
by size exclusion theory and ignored the shape change during transport using core-scale
models (e.g., Wang et al. (2013), Liu et al. (2017), Chen et al. (2017), etc.). Others
focused on the detailed direct simulation of transport behavior of gel particles in grainscale models (e.g., Zhou et al. (2017), Zhou et al. (2019), Lei et al. (2019), etc.). Thus, in
this section, we will review the gel simulation studies for particle gel transport in porous
media by core-scale (micro- to milli-meter level) and grain-scale (nano- to micro-meter
level), respectively.

4.1. CORE SCALE SIMULATION
In core-scale model, particle gel transport in porous media was commonly
simplified as two conditions: direct pass through the pore and failed to pass and retained.
Thus, the model fits for the conditions that gel particle size is micro- to milli-meter.
Flowing system and retention were two critical factors for core-scale-model.
4.1.1. Core-Scale Flowing System Simulation. Wang et al. (2013), Liu et al.
(2017) and Chen et al. (2017) applied percolation theory in micro- to milli-meter level
particle gel simulations. Their method considered flowing particle gel in porous media as
an aqueous phase component in compositional model. The transition from flowing gel to
retained gel was considered in a reaction term. Kozeny-Carman equation (Equation 14)
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was applied to quantify the comparison between capillary tube size (𝑟𝑝 ) and gel particle
size (𝑟𝑔 ) to apply the size exclusion theory (eg. If 𝑟𝑔 > 𝑟𝑝 , PPGs cannot pass).
𝑟𝑝 = 1.15√8𝑘̅/∅

(14)

where, 𝑘̅ is average permeability and ∅ is porosity of the grid.
4.1.2. Retention Model In Core-Scale Simulation. Goudarzi (2015) embedded
the PPG experienced passing rules, proposed by Bai (2004), into UTGEL. The rule
separates the different passing conditions for weak gel and strong gel as follow:
For weak PPG: If PPG diameter is less than 5.7 times pore throat diameter.
For strong PPG: If PPG diameter is less than 1.3 times pore throat diameter.
They quantified the passing rules by a Heaviside Boolean function 𝛩(𝜆)
(Equation 15) that is a coefficient function for mobility 𝜆.
𝛩(𝜆) = {

0 𝑖𝑓 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑟𝑢𝑙𝑒𝑠 𝑛𝑜𝑡 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑒𝑑
1
𝑖𝑓 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑟𝑢𝑙𝑒𝑠 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑒𝑑

(15)

You et al. (2013) and Liu et al. (2017) indicated that size exclusion theory was
effective to reflect the general regularity of gel particle migration in the formation and to
quantify the retention of large particle compared with small pore size.

Small Inaccessible Pore Channel

Large Accessible Pore Channel

Figure 10. Flow Through Capillaries into Mixing Chambers. (From You, 2013)
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As shown in Figure 10, size exclusion concept was simulated implementing
inaccessible pore volume (IAPV) concept in the chamber flow that accounts for the pore
volume not accessible to particle gel but accessible to small molecules in aqueous phase
due to large particle size compared with pore size.
They calculated the flow reduction 𝑅𝐾(𝑅) due to retention using Poiseuille flow
formula shown as Equation 16. The hydraulic conductivity 𝐾(𝑅) was calculated using
Equation 17 cited from Bird et al. (2007). Based on the ratio of conductivity and
blockage fraction of pore, they calculated accessible flow fraction 𝑞𝐴𝑃𝑉 using Equation
18.
1

4

(1 − 𝑅)2 (1 + 2𝑅 − 𝑅 2 − 𝑅 3 ), 𝑅 < 1
3
9
𝑅𝐾(𝑅) = {
0, 𝑅 > 1
𝐾(𝑟𝑝 ) =
𝑞𝐴𝑃𝑉 =

∞
𝑔

9√3 4
𝑟
20 𝑝

∫𝑟 𝐾(𝑟𝑝 )𝑅𝐾(𝑅)𝐻(𝑟𝑝 ,𝑥,𝑡)𝑑𝑟𝑝
∞
𝑔

∫𝑟 𝐾(𝑟𝑝 )𝐻(𝑟𝑝 ,𝑥,𝑡)𝑑𝑟𝑝

(16)

(17)

(18)

where 𝑅 is ratio of gel particle size (𝑟𝑔 ) to pore size (𝑟𝑝 ), 𝐻 function is the number of
pores per unit surface area at a 1D location 𝑥 and time 𝑡.
Wang et al. (2013) considered the variance of particle size during transport and
developed the semi-randomly passing method based on the size exclusion theory. His
model implemented the concept of probability statistics model (Aitchison et al., 1957)
first to calculate probability of PPG diameter that is smaller than the pore throat diameter
(𝑃𝑟𝑔<𝑟𝑝 ) using an integration of density function, shown in Equation 19, then to calculate
the microgel diameter distribution function generated from Fisz’s (1963) equation
(Equation 20). Finally, gel particle plugging efficiency was calculated as a function of
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flow rate, gel concentration and current plugging status (product of two probabilities 𝑃),
shown in Equation 21.

𝑃𝑟𝑔<𝑟𝑝 =

𝑟𝑝
1
∫0 (√2𝜋𝜎 𝑟) exp (−
1

𝑃𝑟𝑔 =

1
√2𝜋𝜎2

𝑟
𝑟𝑝
2𝜎12

2

(ln(̅ ))

exp (−

1

1

) 𝑑𝑟 = + erf (
2
2

(𝑟𝑔 −𝑟𝑝 )
2𝜎22

𝑟
𝑟𝑝

ln(̅ )
√2𝜎1

)

(19)

2

)

(20)
𝛼𝜎

𝑃𝑝𝑙𝑢𝑔 = 𝜆𝑒 ∑𝑚
𝑗𝑟𝑔 (𝑃𝑟𝑔 <𝑟𝑝 𝑃𝑟𝑔 ) (1 − ∅ ) 𝑣𝑔 𝐶𝑔
0

(21)

where 𝑟𝑝 is pore radius, 𝑟𝑔 is gel particle radius, 𝑟 variable of particle radius, 𝜎1 and 𝜎2
refers to standard deviation of diameter distribution of pore throat and PPG respectively,
the mode divided the range of gel particle radius in unit cell into m bins, 𝑗𝑟𝑔 refers to the
bin number that contains the particle radius and m refers to amount of bin number.. 𝜆𝑒
refers to plugging coefficient, ∅0 is porosity before retained gel, 𝛼 is constant tuning
factor, 𝜎 is net plugging rate as the difference between plugging gel and restarting gel, 𝑣𝑔
is dynamic local flowing rate, 𝐶𝑔 is concentration of particle gel.

4.2. GRAIN-SCALE SIMULATION
In grain-scale, the percolation theory cannot be used because it will inevitably
overlook the interactions that includes the fluid dynamics influenced by presence of
particles and the particle movement driven by fluid-induced forces. More robust
modeling requires grain-scale simulation for particle-fluid system that can resolve the
interactions of particle-particle, particle-porous media, and particle-fluid.
The most popular method for particle system is lattice-Boltzmann (LBM)
combined with Discrete Element (DEM) methods. The advantage of this method over
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other computational fluid dynamics (CFD) method is primarily local in space and explicit
in time, which is numerically efficient due to the only data exchanged among lattice
nodes occurs during the streaming of the distribution and no requirement for neighbor
nodes’ information during calculation. The method was proved to be capable of
simulating varied geometry of fine particles including solid skeleton, fast discrete
particle, circular particles, and irregular particles (Han & Cundall, 2013; Xiong et al.,
2014; Han & Feng, 2007).
Zhou et al. (2017 & 2019) and Lei et al. (2019) implemented the LBM-DEM
method in particle gel system to simulate particle-fluid interaction, contact and restoring.
The LBM was composed of evolution equations, an equilibrium distribution function,
and a discrete velocity model. The concept of this combined method was realized at each
time step by the following procedures: 1. Compute fluid flow solution using LBM as an
efficient solver of Navier-Stokes equation that treats fluid as fluid particle packets that
reside at nodes of a regular lattice; 2. Apply DEM contact detection algorithm to update
particle position in each discrete element. They applied the immersed boundary (IB)
method (proposed by Peskin, 1977 and Noble & Torczynski, 1998) as a modification of
LBM for the deformable particle gel system, shown in Figure 11a. The concept of their
method was realized by a series of movable nodes at interface of particle and fluid shown
in Figure 11b. Their method imposed no-flow velocity condition at macro level but
followed mass and momentum conservation at local level for the interface. The slight
shape modification was achieved by applying a modified collision operator in the latticeBoltzmann equation instead of discretized representation of solid cells.
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(a)

(b)

Figure 11. Illustration of Deformed Particle Gel in LBM System and Boundary Nodes
Design (From Zhou, 2017)

As illustrated in Figure 11a (a. grey area represents rock matrix; black points refer
to LBM nodes; yellow area is deformed particle gel; red spheres are discretized boundary
pseudo particles; pink circle is the original shape of particle gel. b. white lattices refer to
subdivision parts covered by the fluid phase; blue points refer to fluid interior nodes;
green points denote fluid boundary nodes; brown points are particle gel boundary nodes;
black points are particle gel interior nodes; black line refers to the arbitrary particle-fluid
interface; gray lattices denote subdivision parts covered by particle gel.), they analyzed
the forces on each lattice including interaction force 𝐹𝑓 (particle-fluid), collision force
𝐹𝑐 (particle-particle or particle-porous media), and body force 𝐹𝑑 (compression). The
motion of the lattice (𝑚𝑎) was achieved by the acceleration (𝑎) calculated from Newton’s
second law, shown as Equation 22.
𝑚𝑎 = 𝐹𝑓 + 𝐹𝑐 + 𝐹𝑑

(22)

The updated location (𝑥𝑛𝑒𝑤 ) and velocity (𝑣𝑛𝑒𝑤 ) of local nodes at next time step
was calculated explicitly based on current location (𝑥𝑜𝑙𝑑 ) and velocity (𝑣𝑜𝑙𝑑 ), using
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Equation 23, and Equation 24, respectively. The new boundary was formed based on
updated location of boundary nodes.
𝑣𝑛𝑒𝑤 = 𝑣𝑜𝑙𝑑 + 𝑎∆𝑡

(23)

𝑥𝑛𝑒𝑤 = 𝑥𝑜𝑙𝑑 + 𝑣∆𝑡

(24)

For gel particle-fluid interactions, the momentum exchange theorem was applied
for node i, at position (𝑥), and time (𝑡) with velocity (𝑐) using Equation 25.
𝐹𝑓 =

(∆𝑥)2
∆𝑡

8
𝑆
∑𝑚
𝑘=1 𝐵𝑆𝑘 ∑𝑖=0 Ω𝑖 𝑐𝑖

(25)

where 𝑚 is total particle number, 𝑘 is particle number, 𝐵𝑠 is weighting function, 𝛺𝑖𝑆
collision term.
For gel particle deformation direct simulation, their LBM-DEM method applied a
damper model proposed by Cook (2001) for the contact deformation in LBM. The energy
dissipation due to contact between particle-particle was simulated using velocityproportional contact damping (𝑠𝑢𝑏 𝑑) with inelastic collisions caused by shear (𝑠𝑢𝑏 𝑠)
and normal (𝑠𝑢𝑏 𝑛) force magnitude (∆𝐹), shown in Equation 26,
{

∆𝐹𝑛 = 𝑘𝑛 ∆𝑡𝑣𝑟 ∙ 𝑛 + 𝑘𝑑 ∆𝑡𝑣𝑟 ∙ 𝑛
∆𝐹𝑠 = 𝑘𝑠 ∆𝑡𝑣𝑟 ∙ 𝑡 + 𝑘𝑑 ∆𝑡𝑣𝑟 ∙ 𝑡

(26)

where 𝑘 is stiffness, ∆𝑡 is the timestep, 𝑣𝑟 is the relative velocity between particles in
contact, 𝑛 is unit normal to contact plane, 𝑡 is unit tangent in direction of shear.

5. DISCUSSIONS AND SUGGESTIONS

Correct modeling of transport and plugging mechanisms of particle gel is of major
importance for improving particle gel situation reliability and assisting the optimization
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design of particle gel treatments in oil fields. We have classified particle gel simulation
models into three categories, including fracture model, core scale model and grain scale
model.
Figure 12 summarize the current models and supplementary models that have
been used and can be used to simulate particle gel treatment for different categories. The
published models are the available simulation models that have been developed through
lab experiments or theoretical investigation. The supplementary models are those we
recommend considering in simulating particle gel treatments because they have great
potential to solve the problems existing in current models and thus can help to improve
the particle gel simulation capacity and accuracy.
Due to different transport regime and dominant phase properties, we distinguish
particle gel simulation in fracture from particle gel simulation in porous media with pore
network. In a fracture system combining with both open fracture and matrix, milli-meter
sized PPG cannot transport through porous media under normal reservoir pressure
gradient, and thus they have the ability to selectively penetrate through the open fracture.

5.1. FRACTURE MODEL
To simulate the particle gel transport in fracture system containing both open
fracture and matrix, three mechanisms must be considered: particle propagation through
open fracture which need consider the non-Newtonian fluid flow and threshold pressure
of particle gels, particle retention, and fluid leak-off to the matrix. Milli-meter sized PPGs
can properly propagate through factures, but they cannot transport through the common
porous media that contain complex pore-networks under normal reservoir pressure
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gradient, and thus they have the ability to selectively penetrate into the open fracture,
which can minimize their damage to un-swept matrix.

Figure 12. Hierarchy Plot of Simulation Models and Strategy Scheme for Particle Gel
Treatment

As we reviewed, the published propagation models include the threshold pressure
model that calculate the threshold pressure as a function of gel strength and the ratio of
fracture size to particle size, and the power law model that characterizes the relationship
between injection rate and pressure. These models are generated from lab experiments
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and thus, can be used to accurate match lab results during simulation. However, these
models are not general due to the limit in the consideration of influencing factors and
their related variation ranges. Therefore, it is necessary to conduct extensive lab
experiments or theoretical analysis to develop a general model that can be used in field
scale simulation. Considering the similarity of PPG and bulk gel transport through open
fracture, we recommend considering the classic rheological Bingham model that Seright
(1998) proposed and the Herschel Buckley model that Ouyang (2013) recommended for
bulk gels. These two models are important because both bulk gel experiments and
particle gel experiments reported the existence of yield stress and non-Newtonian
rheology response during transport in fractures.
A retention model is very important to simulate gel propagation and predict gel
front, because it relates to the amount of gel retained in the fracture and the ability of gel
to plug the fracture. However, current most commercial/in-house software only consider
Langmuir adsorption model. In fact, this model cannot accurately simulate gel retention
process because the retention of gel in fracture is usually much higher than that
anticipated from Langmuir type adsorption equation. Therefore, it is necessary to modify
the current adsorption model to better simulate gel particle transport process. The doublelayer model presented before contains two layers of retention as shown in Figure 13a.
However, the two-layer adsorption model may ignore the retained particle gel due to
yield stress. Thus, to establish the field scale simulation, it is necessary to develop a
systematic model (full retention model in Figure 13b) that can include the immobile gel,
filtrated gel and adsorbed gel, which could be more authentic to the mechanisms related
to particle gel retention in a fracture system.
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Figure 13. Retention Model of PPG Transport in Fracture. (Δ𝑦1: absorption layer, Δ𝑦2 :
filter cake and Δ𝑦3 : yield immobile gel layer).

Leak-off through matrix is a very important phenomena related to particle gel
transportation and plugging performance. Due to the leak-off mechanism, the
concentration of retained gel in the fracture is commonly higher than the injected
concentration. As a result, a qualified leak-off model is critical to predict the
concentration and corresponding strength of placed gel in fracture concisely. However,
no published fluid leak-off model is available for particle gels. The topology structure
that contains molecular water in the particle gel has many similarities with bulk gel.
Therefore, the three referenced models including Carter’s uniform leak-off model,
Seright’s non-uniform leak-off model, and Andersen’s imbibition model, have been
introduced. These three models all considered the fluid loss and concentration increase
for the gel system as a function of pressure drop. Additionally, with some simplification,
we also recommend considering some filtration models that are used to characterize fine
particle suspension flow. The filtration model mentioned in Figure 12 is the deep bed
filtration of fine particles. The example publications include the “O’Melia and Ali”
clogging model (Mays & Hunt, 2005) and average filtration model (Richards &
Neretnieks, 2010)
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5.2. POROUS MEDIA MODEL
To simulate particle gel transport in porous media with pore networks, we need to
categorize the simulation model in core-scale and grain scale based on the applicable
particle size and dominant mechanisms.
Core-scale simulation method is important because it is commonly designed to be
the bridge to scale up grain-scale theoretical model and core-scale experimental results to
field-scale simulation. Thus, the core-scale simulation contains fluid flow system that can
characterize the macroscopic suspension flow and retention model that can characterize
and simplify the microscopic pore throat blockage behaviors of particle gel. The
published fluid flow system includes percolation model and chamber flow (or capillary
tube) model. Both models can effectively simulate the multiple phase flow considering
particle gel as suspension component in modified black oil model or compositional
model. The published retention models include experienced passing law (Bai, 2004), size
exclusion model (You et al., 2013), and semi-randomly passing model (Wang et al.,
2013). The experienced passing law is fully based on the experimental results for whether
particle gels can pass through the pores or not under normal pressure. The benefit of this
method is the feasibility in calculation while combined with fluid flow equations.
However, the problem is also obvious that the passing law may only fit for specific types
of cores and particle gels with certain pressure gradient. Conventional size exclusion
model considered particle gel retention simply by the comparison of particle size with
pore size. The advantage of size exclusion model is convenience and efficiency in large
scale simulations because of the simplified particle gel’s passing regimes. The problem is
the theoretical and conceptual assumption of incompressible particle gel, which may not
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be accurate in prediction since the gel particle is strongly deformable under pressure and
can break under shear during transport. The semi-randomly passing model is a
combination of both experienced passing rule and size exclusion. The method used a
statistical method to quantify the variance of particle sizes based on the experimental
results. As a result, this method can solve the limitation of size exclusion model to some
degree if given sufficient experimental data. For the published core-scale model, such as
size exclusion model, semi-randomly passing model, etc.(You et al., 2013; Wang et al.,
2013; Bai, 2004), improvements are needed to consider the critical passing conditions
where particle gel can be deformed and pass through a relative smaller throat based on
the results of grain-scale simulation, such as elastic model, damper model, etc.(Zhou et
al. 2017 & 2019; Lei et al. 2019).
Grain-scale simulation focus on the direct simulation of microscopic transport
behavior of particle gel. The grain-scale simulation considers critical pressure, fluidparticle flow system, particle aggregation, particle deformation, moving boundary
problem, and solid-fluid interactions. Based on the review, the published critical pressure
model is elastic mechanics model (Zhou et al. 2017) that is directly derived from
microscopic capillary tube model. The model characterizes the critical condition to
mobilize the particle gel in pore throat considering the pressure gradient, friction,
particle-pore size ratio and gel strength. The published model for particle-fluid flow
system is the DEM model that can trace all particles in the flow field at the Lagrange
coordinate system and calculate the collision dynamics of each particle based on the
deterministic particle contact model. The problem for the current published particle gel
models is that the gel particle aggregation, retention, and its effect on permeability
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reduction have not been considered. For the particle gel aggregation simulation, the
contact of particle-particle is different from inelastic collision, because the particle gel
can re-associate with other particles at certain circumstances (Dickinson, 2013). The
reference model is the fluid particle dynamics model (Tanaka, H. and Araki, 2000) from
colloidal particle gel to quantify the concentration field of colloidal particles with
hydrodynamic interactions in grain scale. For retention and permeability reduction model
in grain scale, the references from fine particle migration include Li & Prigiobbe (2018)’s
particle retention model assuming spherically shaped particles and Feng et al. (2020)’s
CFD model considering the compressible particle and its blockage effect.
The published model for particle deformation is the damper model that quantifies
the inelastic collision. As supplementary, we reference Hertz model for elastic collision
condition in case relative high strength particle gels are applied.
The published model for moving boundary problem is the immersed boundary
method (Peskin, 1977 and Noble & Torczynski, 1998) that modifies the LBM method
with an additional collision operator, which depends on the percentage of cell covered by
solid particles. The effect of moving boundary is realized by spreading the stress exerted
by the boundary on the fluid onto the collocated grid points near the boundary. The
advantage of this model is the efficiency in calculating gel particle shape change. The
problem is the limitation to the small amount of gel particles. Because this grid-based
method requires special approaches such as mesh rezoning in IB method to update the
grid or nodal information, it is tedious and time-consuming (Liu et al., 2005). The
reference model as suggestion is the mesh free gradient smoothing method (GSM)
investigated by Liu et al. (2010) from super-deformable particles simulation studies.
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The momentum exchange during solid-fluid interaction is based on the continuous
forcing approach that is commonly applied to address elastic boundary problems.
However, the continuous force on particle by adjacent fluid is not easy to determine and
was assumed known for current particle gel simulation using LBM-DEM method (Li &
Prigiobbe, 2018). We suggest a dragging model (Gidaspow et al., 1994) referenced from
fine particle simulation to quantify the fluid driving force on particle.

5.3. CONNECTIONS AMONG THREE TYPES OF SIMULATION MODELS
Due to wide scale range of particle gel models, the scale up from lab to field
requires strong connections between different scales’ studies. As shown in Figure 14, we
depict the flow chart from theoretical models in grain scale to the integrated simulation
model in field scale.
From the transparent micromodel experiment, the basic transport regimes can be
obtained for the theoretical modeling. Based on the theoretical models, we can obtain a
mechanical interpretation on the critical pressure gradient ∆𝑃𝑐𝑟𝑖𝑡 with the relationship of
particle gel properties including Young’s modulus 𝐸, friction coefficient 𝐹𝑓 and particle
pore size ratio 𝑅. The critical condition functions can be applied in both core-scale
simulation models and core-scale experiments. To be noted, the current studies of particle
gel in theoretical models only considered the critical condition when particle gel can be
mobilized. In fact, based on the mechanisms, the critical conditions include particle gel
restart due to break, deformation and particle gel aggregations are also critical in guiding
the lab experiments. With lab experiments including the porous media with pore network
core model and open fractured core model, we can not only generate the experienced or
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empirical model for core-scale simulation model but also provide validation to both
grain-scale and field scale modeling results.

Figure 14. Preformed Particle Gel Scale up Flow Chart from Lab to Field

Based on the grain-scale theoretical and core-scale experimental results, corescale simulation model can provide the transport models, adsorption models and retention
models. Based on the review, we suggested more systematic experiments and quantitative
studies are needed to develop the robust 𝐹𝑟 model as a function of flow velocity 𝑣,
aqueous phase gel concentration 𝐶𝑔,𝑎𝑞 , inaccessible pore volume IAPV that is related to
particle-pore size ratio 𝑅, and 𝐹𝑟𝑟 model as a function of shear rate 𝛾, gel strength G’ that
related to leak-off rate 𝑢𝑙 and degradation rate 𝑢𝑑𝑒𝑔 , adsorbed concentration 𝐶𝑔,𝑎𝑑𝑠 ,
absolute permeability 𝐾, and porosity ∅. The adsorption model 𝐶𝑔,𝑎𝑑𝑠 should be a
function of aqueous phase gel concentration 𝐶𝑔,𝑎𝑞 , adsorption capacity 𝐶𝑎𝑑𝑠𝑚 , effective
salinity 𝐶𝑆𝐸 , adsorption and desorption rate 𝑢𝑎𝑑𝑠 , 𝑢𝑑𝑒𝑠 , leak-off rate 𝑢𝑙 and yield shear
stress 𝜏0 .
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6. CONCLUSIONS

This study has reviewed the simulation models that have been reported in
literatures regarding to the main mechanisms on particle gel treatment for conformance
control. Based on particle gel application scales and dominant mechanisms, we
categorized the simulation models into three types: fracture model, core-scale and grainscale models which are for the porous media model with pore networks.
The review results reveal plenty of room for the improvement of particle gel
simulation studies, which needs more research and additional efforts. To establish the
integrated simulator for field simulation considering essential particle gel transport and
plugging mechanisms and the simplification feasible for large scale computations,
extensive lab experiments and quantitative studies are still in need to build the numerical
models for the particle gel conformance control simulation including the particle gel
transport model, comprehensive retention model, and adsorption model in both fracture
and porous media.
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III. SIMULATION STUDY OF MACROMOLECULES INACCESSIBLE PORE
VOLUME MECHANISM IN HETEROGENEOUS POROUS

ABSTRACT

Polymer is one kind of macromolecules that are commonly used as a flooding
method in petroleum industry to improve oil recovery. Inaccessible pore volume (IAPV)
is one of the most important factors that impact polymer flow in porous media. However,
no function of IAPV has been reported and IAPV is always considered as a constant in
reservoir simulations. Because many factors including fluid properties, rock properties
and operational properties can influence the IAPV of polymer in porous media. This
paper proposed a numerical model of IAPV considering nine influencing factors. The
model is derived based on the theoretical hydrodynamic model of polymer molecules and
is improved using machine learning method based on the data that collected from
published literature.

1. INTRODUCTION

The pores in porous media are not all accessible to the polymers used for polymer
flooding and gel treatment (Dawson, 1972. Di Marzio, 1970). This fraction of connected
pore volume is inaccessible for polymer molecules but accessible for solvent water,
which is called inaccessible pore volume (IAPV) for polymer.
The most agreed reason for IAPV is summarized in (Dawson, 1972. Liauh, 1979.
Shah, 1978), that polymer molecules sizes are larger when compared to solvent
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molecules and pore sizes. Furthermore, by adsorption on the rock and entrapment by pore
throat during polymer flooding, polymer retention can further decrease the pore size.
Another reason is that the depletion effect of large molecules builds up a depletion layer
at the pore wall and makes the mass centers of polymer molecules cannot reach the pore
wall (Chauveteau, 1981. Sorbie, 1989. Omari, 1989). Third reason is the unfavored
entropic effects push polymers away from solid boundaries (Liauh, 1979. Di Marzio,
1965). However, the second and third reasons lose some credibility when polymer can
adsorb on the rock surface.
Some researchers criticize these explanations for IAPV. Because the polymer
molecule diameter (HPAM in 3% NaCl brine) is typically 0.5~0.8 microns (Sorbie 1991)
while average pore throat diameter for 470 md Berea sandstone was reported over 6.7
microns (Seright, 2006). Clearly, the pore throat is more than enough for polymer
molecule to pass through. However, researchers all agreed the existence of IAPV, though
mechanism for IAPV is under debate. The author supposed that the hydrodynamic radius
of polymer spherical coil should be counted as in-situ polymer radius instead of intrinsic
radius. Because polymer is a kind of soft matter, and its coils can elongate by several
hundred times of their initial length under shear. Moreover, the solvent molecules can
permeate into polymer colloids, swell the polymer solute and further increase the
hydrodynamic radius polymer solution which is shown in Figure 1 (Doi, 2013).
As reported in literature, IAPV values are very inconsistent and range from 0 to
48% of pore volume. The reason for this is simple to understand. Since IAPV
measurement needs polymer breakthrough earlier than solvent, if viscosity of polymer is
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much higher than solvent (eg. Water), the velocity advance results from IAPV cannot
overcome retarding by viscosity.

Intrinsic Size

In-situ condition

Figure 1. Real In-situ Condition Polymer Illustration vs Static Condition (Doi, 2013)

The IAPV might not be obvious to measure, which caused the measured value in
a wide inconsistent range. Besides, the inaccessible pore volume is very sensitive to
many factors. However, each of previous studies only focus on the one or two factors
which also makes the experimental results very inconsistent.
This study summarized the results from published literature and applied a datadriven method to understand the influencing factors, to rank the importance and to
construct an improved model for integrated simulators.

2. DATA ANALYSIS

To analysis the sensitivity of each parameter, we collected IAPV data from 132
experiments (Dawson and Lantz, 1972; Liauh et al., 1979; Pancharoen et al., 2010;
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Knight and Rhudy, 1977; Vela et al., 1976; Dominguez and Willhite, 1977; Dabbous,
1977; Osterloh and Law, 1998; Hughes et al., 1990; Gupta, 1978; Fletcher et al., 1991;
Lotsch et al., 1985; Huang and Sorbie, 1993; Trushenski et al., 1974; AlSofi et al., 2017;
Hatzignatiou et al., 2013).
The dataset contains three categorical values including rock type, measure method
and hydrolysis degree. However, only the Berea sandstone is report as rock type, and
hydrolysis degree has too limited data amount (only two sets of data reported 5%). For
measure method, although four different lab experimental methods are reported, the
trailing edge method accounts for 95% of the dataset. Therefore, this study will not
consider these categorical values. The relationship between numerical influencing factor
and IAPV value is plotted in cross plots shown in Figure 2.
Based on the data set we collected from literature, we can obtain some analytical
hypothesis listed below:
•

Sor can influence IAPV value positively.

•

Mole weight of polymer may have a positive effect on IAPV value, and
the relationship is more likely semiology.

•

Resistance factor may have a negative effect on IAPV.

•

The retention has a negative effect on IAPV.

These observations tend to indicate that most of the experiments having a
relatively low viscosity of polymer. This may be related to the velocity range. Because
the HPAM polymer behaves shear thinning at low velocity and shear thickening at high
velocity and shear degradation at ultra-high velocity.
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Figure 2. Crossplots for Infuencing Factors on Inaccessible Pore Volume

The ultra-high shear rate (>20 ft/d) may most likely conduct a mechanical
degradation for polymer, which can decrease polymer viscosity sharply. The velocity
range falls at two separated parts at low velocity and ultra-high velocity may contribute to
the low viscosity as observed.
Polymer type is concluded in Figure 3. The result shows that IAPV value is not
very sensitive to polymer type because the distribution of each type of polymer seem to
be all the possible IAPV range. The color scale in the plot refers to different cases.
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Figure 3. IAPV Distribution for Type of Polymer

3. THEORETICAL MODEL

The concentration in a pore can be a function of pore size and polymer molecular
weight. Several researchers investigated experiments for HPAM molecules distribution in
APV zones based on ratio of pore radius to polymer molecule radius (Liauh, 1979; Ali,
2017). Experimental data with same polymer size and different pore size core flooding is
fitted using exponential function with 95% confidence bounds shown in Figure 4.
The fitting result can be expressed in Equation 1:
PMD = 1.061 ∗ exp (−2.652 ∗ 𝑅𝑟 )

(1)

Based on the experimental results, more polymer molecules will flow into larger
pores and less molecules flow into smaller pores.
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y = 1.061 ∗ 𝑒 −2.652∗𝑅𝑟
R-square: 0.9619

Figure 4. Polymer Molecules Distribution (PMD) vs Radius Ratio (R polymer : R Pore )
(Data from Liauh, 1979)

These experimental results can be illustrated using Figure 5. Based on the same
polymer molecule size, the larger the radius ratio Rr is, the less polymer can flow in the
pores. For instance, 8% of polymer will flow through pore size with Rr=1, 20% of
polymer will flow through pore size with Rr=0.65 and 50% polymer will flow through
pore size with Rr=0.27.
As a result, with same flow rate, higher IAPV will cause smaller APV and in
result, a higher velocity is achieved by polymer component to keep material balance. At
the same time, considering insensitive to IAPV by water molecules, the concentration of
polymer component will be lower. With this analysis, all three software cannot correctly
reflect the IAPV effect on polymer flow.
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Figure 5. Polymer to Pore Radius Ratio (Rr) Relationship with Polymer Distribution

Based on experiments did by (Liauh, 1979), polymer molecules distribution
results are shown in Figure 5. Then polymer mole fraction flowing in-to the core can be
expressed using Equation 2:
𝑅

XL =

∫𝑅 𝑟,𝑚𝑎𝑥 𝑃𝑀𝐷 𝑑𝑅𝑟
𝑟,𝐼𝑃𝑉
𝑅𝑟,𝑚𝑎𝑥
𝑃𝑀𝐷 𝑑𝑅𝑟
∫𝑅
𝑟,𝑚𝑖𝑛

(2)

where, XL is mole fraction of polymer in the core. 𝑅𝑟,𝑚𝑖𝑛 is minimum radius ratio. 𝑅𝑟,𝐼𝑃𝑉
is critical radius ratio that polymer can propagate through the pore. 𝑅𝑟,𝑚𝑎𝑥 is the
maximum radius ratio.
Flow rate of polymer injected from inlet (Equation 3):
Qp = Q ∗ Cp

(3)

Flow rate of polymer flow into APV (Equation 4):
Qp,APV = 𝑄𝑝 ∗ 𝑋𝐿

(4)

Inlet concentration for polymer (Equation 5):
Cp =

Qp,APV
𝑄

(5)
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Concentration in IAPV is 0 and IAPV is calculated assuming that pore radius
(Rp) distributes evenly, and polymer radius keep constant (Equation 6):
𝑅

IAPV =

∫𝑅 𝑟,𝑚𝑎𝑥 1/𝑅𝑟 𝑑𝑅𝑟
𝑟,𝐼𝑃𝑉
𝑅𝑟,𝑚𝑎𝑥
1/𝑅𝑟 𝑑𝑅𝑟
∫𝑅
𝑟,𝑚𝑖𝑛

4. COMPARISON OF THEORETICAL MODEL AND CMG RESULTS

4.1. MATHEMATICAL MODEL
A correlation for concentration distribution is set up. The core model used is
illustrated in Figure 6.

Figure 6. 1D Core Model with Consideration of IAPV

(6)
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Assuming: Only one layer in the core contains IAPV, which means some of pore
volume is not accessible to polymer, and APV where is freely accessible to polymer;
Incompressible fluid flow; Darcy’s law equation applied; No movable oil considered; No
crossflow. A fractional flow model that is used to conduct sensitivity analysis is shown
below (Equation 7). B.C.:

𝜕(𝑣𝑓𝑤 𝐶)
𝜕𝑦

=

𝜕(𝑣𝑓𝑤 𝐶)
𝜕𝑧

= 0 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡𝑖𝑚𝑒 𝐶𝑥=0 = 𝐶𝑖𝑛𝑙𝑒𝑡 𝐶𝑡=0,𝑥≠0 = 0

𝛻(𝑣𝑤 𝑓𝑤 ) +
𝛻(𝑣𝑝 𝑓𝑤 𝐶𝑝 ) +

𝜕(∅𝑆𝑤 )

{ 𝛻(𝑣𝑤 𝑓𝑤 𝐶𝑡 ) +
where, 𝑓𝑤 = 𝑀

𝑀𝑤

𝑤 +𝑀𝑜

=0

𝜕𝑡
𝜕(𝐶𝑝 ∅𝑝 (𝑆𝑝 ))
𝜕𝑡
𝜕(∅𝐶𝑡 𝑆𝑤 )
𝜕𝑡

=0

(7)

=0

, 𝑀 is phase mobility. ∅𝑝 = ∅ ∗ (1 − 𝐼𝑃𝑉), 𝑆𝑝 = 𝑆𝑤 ∗ (1 − 𝐼𝑃𝑉) ,

Cp is polymer concentration, Ct is tracer concentration.

4.2. MODEL DESCRIPTION
The model details are listed in Table 1.

Table 1. Specification of the Correlated Model for Sensitivity Investigation
Layer Num

Model Length, cm

Cross-section Area, cm2

1

4.4

4.5

Polymer Concentration, ppm

Tracer Concentration, ppm

Polymer MW, Dalton

1800

1000

1.8E7

Porosity

Permeability, md

Sor

0.329

100

0.355

Layer Thickness, cm

Model Width, cm

Permeability, md

3

1.5

100
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4.3. ASSUMPTIONS
In this sensitivity analysis model, minimum radius ratio is assumed as 0.1, and
maximum radius ratio is assumed as 2.5 in the sample core. Specification of the model is
listed in Table 1.

4.4. RESULTS
Three cases with R r,IAPV = 1.5, 1, 0.5 respectively were investigated using the
correlated model. The corresponding IAPV for three cases are 15.87%, 28.47%, 50%
which is calculated using equation 5. The results for polymer profile distribution along
the core direction after 1 minute and 10 minutes of polymer flooding are shown in Figure
7. Injection rate is assumed constant at 0.1 cc/min.

Figure 7. Concentration Profile after 1 min (left) and 10 min (right) of Polymer Flooding

The result indicates that the polymer front moves faster for higher IAPV value
case than lower IAPV value case. At the same time, the concentration for polymer is
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decreased with decreasing IAPV value. It means that the model can treat IAPV
effectively on both polymer flow velocity and concentration sensitivity.
With experience, for 1800 ppm HPAM, the adsorption could be as high as 1.9
mg/g and Frr could be 4. The retention and Frr values are assumed and implemented in
the correlated model. The result of Frr along with changing IAPV are shown in Figure 8.

Figure 8. Residual Resistance Factor at 1 min (left) and 10 min (right) of Polymer
Flooding

The residual resistance factor distribution has a long tail that is very sensitive to
IAPV. Frr can varied a lot when IAPV is very high. This can be shown compared with
extreme case in Figure 9, where three cases with R r = 1.5, 0.5 𝑎𝑛𝑑 0.1001 respectively
are investigated. The IAPV for three cases are 15.87%, 50% and 99.97%.
IAPV=99.97% case refers to matrix where polymer can be almost denied from
flow in. The star line in Figure 9 shows this case Frr distribution, which shows nearly no
Frr can be generated in this kind of formation.
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Figure 9. Residual Resistance Factor at 1 min of Polymer Flooding Considering Extreme
Case

As a result, for formation with relatively large IAPV, very limited damage can be
done to this formation by polymer flooding. This result can be very beneficial for
conformance control using polymer or gel treatment and the result can match the
experimental data better than commercial software result.

5. IMPROVEMENT OF THEORETICAL MODEL

The theoretical model can effectively predict the result of IAPV in static states.
However, in complex situations of field scale reservoir simulations, many parameters
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may influence the IAPV greatly and by combined effects. Thus, to improve the model,
we proposed the substitution of pore radius and polymer radius by the formation and
polymer measurable properties.
The model of polymer radius is based on equation (8) of Lohne et al. (2017):
1
3

3

1

𝑅 = (10𝜋𝑁 ) (𝜇 ∗ 𝑀𝑊 )3
𝐴

(8)

The model of polymer radius is based on equation (9) of Kozeny, 1927:
𝑘

2
1 √𝑎(1−∅)

𝑟=2

∅3

Then, based on the regression model, we can conclude the other parameters
such as Sor, Retention, Polymer type, Salinity and Concentration.

Figure 10. Multiple regression fitting result and coefficients

(9)

112
The regression model is shown in equation (10):
1

𝑅

2

2
𝐼𝐴𝑃𝑉 = 1 − 4 ∑∞
𝑚=1 𝛽 2 exp (− 𝛽𝑚 ∗ ( 𝑟 𝛿) ) + 𝛽1 𝑆𝑜𝑟 + 𝛽2 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 + 𝛽3 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 +
𝑚

𝛽4 𝐶𝑝 + 𝛽5 𝑇𝑝 + 𝛽0

(10)

The fitting quality and coefficient are shown in Figure 10.
Due to the variance of lab experience setup, the fitting quality is not good. But in
the major concerned range (10 to 40), the fitting quality is very pronouncing.

6. CONCLUSION

•

IAPV values are very inconsistent and range from 0 to 48% of pore volume.

•

Data analysis indicates a relatively positive effect of Sor, MW, and a negative
effect of RF, retention to IAPV. Low viscosity range of IAPV might result from
the velocity that falls at the shear thinning and shear degradation ranges.

•

A theoretical model is proposed to compare with model in commercial simulator
and the result of theoretical model can better simulate the velocity difference,
polymer distribution and Frr in heterogeneous models.

•

Based on the theoretical model, a more robust model is derived using multiple
regression method and considering the dynamic pore and polymer size.

•

The new model is pronouncing because it can consider the effect of multiple
influencing factors. The improved model can quantify the influence of ten factors.
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IV. SIMULATION STUDY OF DELAYED CROSSLINKING PROCESS IN GEL
TREATMENT FOR CONFORMANCE CONTROL

ABSTRACT

Conformance control using in-situ polymer gel has been proven an effective
solution for channeling problems with a correct reservoir-specific design. Gelation is a
key process during the in-situ polymer gel treatment. However, with literature review
study, we found a significant gap between lab results and previous simulation results,
particularly about the gelation kinetics in terms of gel placement and plugging efficiency,
which erroneously estimated conformance treatment and misled field operations. This
paper will discuss the problem of tradition simulation methods in gelation process,
review the gelation kinetics, and provide a piecewise function model to describe
crosslinking delay during gelation and the selective penetration during placement, which
are critical to a successful conformance control treatment. This new method can be
eligibly implemented in commercial software, such as CMG STARS. Because the new
model respects the actual (mechanism) better, the improvement would greatly improve
the effectiveness of numerical simulation. A conceptual lab-scale model using CMG
STARS with proper setup has been established to validate the new method and effect of
delayed crosslinking on gel treatment effectiveness. The new method can effectively
simulate the delay of crosslinking and fits better with experimental data.
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1. INTRODUCTION

Early excessive water production is a common problem as reservoirs mature.
Published data indicates a 40-billion-dollar budget comes from excessive produced water
disposal in petroleum industry and more than 7:1 produced water oil ratio is reported in
general oil recovery of 20% to 30% in U.S. (USEPA 2000). Conformance control is
defined as a technique to encourage displacing movable oil or gas in commonly unswept
zone and to improve water drive closer to optimal conforming condition (Bai, 2015).
With proper application, polymer gel is proved to be a suitable solution to control the
conformance and reduce water production from oil and gas fields. Since 1970s, polymer
gel system including partially hydrolyzed polyacrylamides (HPAM) and aluminum
citrate has been used for conformance control (Needham, 1974). High molecule weight
polymer and crosslinking agent are two essential components for this treatment. Due to
the reservoir-, well-, formation-specific requirement for gel treatment design, a correct
simulation study is highly demanded for a successful and cost-effective field application.
A polymer gel is a state of matter with solid and liquid-like properties. When
crosslinking molecules are added to polymer solution and further crosslink polymer
molecules by covalent chemical bonds. Then a permanent 3D polymer network is
formed. This process from mixture of polymer and crosslinker to a 3D network formed
gel is called gelation. Understanding the process of gelation is critical to a correct
simulation model for an in-situ gel treatment. Willhite and Jordan (1981) showed an
Arrhenius type relationship between reaction time and temperature of gelation process.
Scott (1987) applied simplified Arrhenius type gelation process in simulation model,
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which was integrated in CMG STARS polymer and gel wizard model (CMG, 2016).
However, the process of gelation is more complex, and a simplified Arrhenius equation
cannot fully describe it. Vargas-Vasquez et al. (2008) studied effect of gelant
composition and found that the gelation process is not continuous until crosslinker to
polymer concentration ratio is higher than 1/20. With proper combination of polymer and
crosslinker, a discontinuous crosslinking system could be developed for high profile
control. Many researchers proposed that the gel point represents the time when a sharp
increase of gelant viscosity happens and gelation time represents the time when it takes
for gel to be fully formed (or the time gelant system viscosity reached maximum). The
gelation time is sensitive to polymer concentration, crosslinker concentration, add-on
chemical agent (Prud et al., 1983), salinity, temperature, pH and hydrolysis degree (Sun
et al., 2016), and syneresis effect (Zhang et al., 2015).
In fact, during gelation, several sub-reactions make the whole process
complicated. It is known that crosslinker Cr(III) cannot directly react with PAM. Cr(III)
acetate in solution needs to experience hydrolysis when aged in appropriate temperature
and then the cyclic structure of Cr(III) becomes a linear structure, shown in Figure 1.
(Liu, 1999, Tackett, 1991)

Figure 1. Structure Change of Cr(III) by Hydrolysis (Liu, 1999)
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At the same time, amide and carboxylic groups in PAM are hydrolyzed into
HPAm carrying carboxylate ions (COO-) through the hydrolysis, which is a first-order
ligand-exchange reaction, shown in Figure 2. The reaction rate of hydrolysis process is
very sensitive to salinity, temperature, and pH, which determines the gel point. After
enough COO- has been generated from the first-order ligand-exchange reaction, another
polymer molecule with COO- continues to react with same chromium trimer. Then
crosslinking reaction will dominate sub-reactions in polymer and crosslinker separately,
and establish a continuous network structure, which is gel, shown in Figure 3.

Figure 2. Hydrolysis of PAM to HPAM with COO- Group (Baylocq et al., 1998)

Figure 3. Illustration of a Crosslinked Gel Structure with Cr(III) Bonded to COO- in
HPAM (Sun et al., 2016)
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For the gelation process, Baylocq et al. (1998) suggested that the triangular
structured Cr(III) should hydrolyzes in three steps, as shown in below equations 1, 2, and
3. Jain et al. (2005) also claimed that the gelation process includes two step-by-step
reactions: uptake and crosslink. Romero-Zerón et al. (2004) used Nuclear Magnetic
Resonance (NMR) to investigate the G’ and G’’ during gelation and found that the
reaction kinetics are not the same before and after gel point. They characterized
crosslinking process by relating the changes in transverse relaxation time to rate at which
Cr(III) is bonded to polymer molecules and found that this second half of gelation
follows a second order overall reaction (first order on polymer and first order on
crosslinker).
Ac3Cr + P − L ↔ Ac2CrL − P + Ac

(1)

Ac2CrL − P + L − P ↔ AcCr𝐿𝐿 <PP + Ac

(2)

AcCr𝐿𝐿 <PP + L − P ↔ P − LCr𝐿𝐿 <PP + Ac

(3)

where Ac=Acetate; Cr=Chromium; L=Amide or Carboxylate; P=Polymer Chain.
The objective of this paper is to discuss a new systematic reaction using a
piecewise function to simulate gelation process that can be used to better quantify the
delayed gelation process.

2. METHODOLOGY

In this section, an update is proposed for gelation process based on gelation
kinetics from the literature review, and a history matching study is conducted to validate

121
the proposed model update, then a sensitivity study is conducted for the influence of
gelation time on gel treatment effectiveness for the updated model.

2.1. RESERVOIR SIMULATION MODEL UPDATE WITH A NEW GELATION
MODEL
For recent simulation studies of gel treatment for conformance control, the
hydrolysis process has been omitted for simplicity, which means the gelation starts once
the gelant is injected. However, based on mechanism of gelation, the crosslinking
activates only when enough COO- is generated and the delay of crosslinking is critical to
ensure the correct location of gel placement without impairing oil flow (Sorbie & Seright,
1992). The simulation method using only one reaction lacks fidelity and may underrate
the capability of gel treatment. The problem of traditional method is that a redundant
amount of gel has been formed before gelation half time, which is not correct in terms of
gelation mechanism. Moreover, based on the kinetics calculation, the highest reaction
rates always happen at the beginning of the reaction. Meanwhile, the crosslinking time in
experiments is commonly very fast (few minutes to few hours), which presents the sharp
increase of gelant viscosity.
To overcome the disadvantage of current model for gelation process, we proposed
a systematic reaction to simulate the kinetics of gelation. The procedure contains two
steps of sub-reactions. First reaction is hydrolysis process which includes the shape
structural change of Cr(III) from cyclic to linear and formation of COO- ion groups. This
reaction direction is strongly forward and irreversible (Equation 4). The second step is
crosslinking process, which refers to the formation of 3D structure of gel (Equation 5).
This second reaction is strongly backward until enough COO-, critical concentration
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denoted as C*, has been produced from reaction one. The flow chart of this systematic
reaction is shown in Figure 4. Assumptions for this model are listed as:
1. Both reactions are assumed to be the second order Arrhenius type and the
kinetics constants are denoted as K1 and K2 in 1/d or 1/min depends on model
scale.
2. Step 2 reaction does not start until in-grid concentration of COO- is larger
than critical concentration C* depending on lab experimental result.
3. Reaction kinetics of step 2 (Equation 5) is independent of temperature, salinity
and pH. Reaction kinetics of step 1 (Equation 4) strongly sensitive to
temperature, salinity and pH.
Polymer + Crosslinker −→ Pregel

(4)

2 Pregel−→ Gel

(5)

Simplified reaction schemes are commonly used in simulation work to reduce
running time, and gelation reaction rates are modeled by Equation 6, 7 & 8.
dCp
𝑑𝑡
dCx
𝑑𝑡
dCg
𝑑𝑡

= −(𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ 𝐶𝑝0

(6)

= −(𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ 𝐶𝑥0

(7)

= (𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ (𝐶𝑝0 + 𝐶𝑥0 )

(8)

For the new method of gelation, hydrolysis happened before crosslinking
(Equation4) and the reaction rate depends on concentrations of polymer and crosslinker.
Equation9, Equation 10 refer to the second order reaction rate for hydrolysis process.
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Figure 4. Delayed Crosslinking Gelation Flow Chart

R1 product reaction rate:
R2 product reaction rate:

dCpregel
𝑑𝑡
dC𝑔
𝑑𝑡

= −(𝐾ℎ 𝐶𝑝 𝐶𝑥 ) ∗ (𝐶𝑝0 + 𝐶𝑥0 )

2
= −𝐾𝑔 𝐶𝑝𝑟𝑒𝑔𝑒𝑙
𝐶𝑝𝑟𝑒𝑔𝑒𝑙,0

(9)
(10)

All of the reactions are assumed following Arrhenius type with reaction constant
K defined using Equation 11.
Ea

K = A ∗ eRT

(11)

The gelation half time for traditional method (t g1) is calculated using a special
analytical solution of the reaction kinetics, which is shown in Equation 12.
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1

t g1 = 𝐾𝐶

(12)

𝑝 𝐶𝑥

With the traditional method, gelation times corresponding to reaction frequencies
ranging from 5E4 to 1E6 are calculated in Table 1 and the fraction of formed gel along
time is illustrated in Figure 5 (Assume 1X gel from Seright, 2009 is used, and Ea=0 for
simplification).

Table 1. Calculated Gelation Time with Corresponding Reaction Frequency for
Traditional Method
Traditional Model
Reaction Frequency (A1)
Gelation Time (𝐭 𝐠𝟏 ) day

Case 1
5 ∗ 104
42

Case 2
105
21

Case 3
5 ∗ 105
4.2

Figure 5. Fraction of Formed Gel Along Time

Case 4
106
2.1
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Table 2. Calculated Gelation Time with Corresponding Reaction Frequency for New
Method
New Method
Reaction Frequency (A1)
Hydrolysis Time (𝐭 𝐠𝟏 ) day
Reaction Frequency (A2)
Crosslinking Time (𝐭 𝐠𝟐 ) day
Gelation Time (𝐭 𝐠𝟏 ) day

(a)

(b)

Case 1
5 ∗ 104
42
2.5 ∗ 105
0.64
42.64

Case 2
105
21
106
0.16
21.16

Case 3
5 ∗ 105
4.2
5 ∗ 106
0.032
4.232

Case 4
106
2.1
107
0.016
2.116

(b)

(d)

Figure 6. Gelation Process using the proposed method. (a) Case 1: A1=5e4, A2=2.5e5,
(b) Case 2: A1=1e5, A2=1e6, (c) Case 3: A1=5e5, A2=5e6, and (d) Case 4: A1=1e6,
A2=1e7.
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For the new method, the crosslinking time in step 2’s second order reaction is
denoted as t g2 ranging from 0.001 day to 0.02 day (Table 2). Simulation result of gelation
time using new method is shown in Figure 6. As shown in the figure, no gel was formed
before step 2 reaction started.

2.2. VALIDATION OF PROPOSED GELATION MODEL BY HISTORY
MATCHING
History matching is a critical process to validate the model authenticity. However,
with our review study, the history matching for gelation process is neglected in most gel
treatment simulation studies. For EOR process with complex chemical reactions, such as
gelation, only fitting the recovery history is far from enough to validate the authenticity
of the model.
During gelation, direct measurement of dynamic concentration profiles of
reactants and products are difficult. However, there are several ways to measure the
status of gelation reaction indirectly. Bottle testing is a relative straightforward method
that provides a semi-quantitative measurement of gelation rate and gel strength (Sydansk,
1988). Prud (1983) measured the gelant storage modulus (G’) change over time during
gelation and find out a 2.7 order of polymer concentration and 2 order of crosslinker is
fitted for the G’ change. Nevertheless, both measurements are very fuzzy, discontinuous
and cannot provide the precise evaluation of gelation time. Winter and Mours (1997)
examined multi-frequencies of loss tangent (tanδ = G′′ /G′ ) as a function of time and
found that the crossover points of dynamic storage modulus (G’) and loss modulus (G’’)
measured during isothermal gelation process is very effective to represent the gelation
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time, which is independent of frequency. Low field NMR (Romero-Zeron et al., 2004)
and 1H NMR (Silvia,2008) are also proved to be effective to determine the gelation time.
Although the gelation process and gel point can be effectively determined with these
methods, they are either expensive or time-consuming and very challenging to follow in
history matching. Instead of measuring dynamic concentration or strength of gelant
system, measuring gelant effective viscosity versus time during crosslinking could easily
reflect the gel point, gelation time and kinetics. Instead of fitting the gel concentration,
effective viscosity which directly influenced by gelation process (is this correct or a
better way to say why effective viscosity is a good indicator) could be a more reasonable
alternative to validate gelation model at in-situ circumstances. In this study, we used bulk
viscosity of polymer, gel and gelation data of 1X gel (HPAM: 5000PPM, Cr(III):
95PPM) in (Sydansk, 2004).

Figure 7. History Match of Gel Apparent Viscosity Using Traditional Method
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Figure 8. History Match of Gel Apparent Viscosity Using New Method

Nonlinear viscosity mixing rule, Equation 13, is applied assuming gel is the only
component that rises up the gelant viscosity by governing function f(x) (CMG STARS
user guide 2016).
ln(𝜇𝑎𝑝𝑝 ) = 𝐶𝑝 ln(𝜇𝑝 ) + 𝐶𝑥 ln(𝜇𝑥 ) + 𝐶𝑤 ln(𝜇𝑤 ) + 𝑓(𝑥) ln(𝜇𝑔 )

(13)

Gelant viscosity equals to polymer bulk viscosity that measured in viscometer, 20
cP and gel bulk viscosity equals to 2173.75 cP that was read from experimental data in
Figure 6. The gel point is reported 2.4 hours after mixing and crosslinking time is 0.5
hours after gel point. With Equation 12, we can calculate reaction frequency A equals to
1.32E+09 using the traditional method and A1 & A2 both equal to 1.32E+09 for the
updated method.
The fitting result is shown in Figure 7 & 8. A huge gap (around 65 cP difference)
between experimental and simulation result has been shown in Figure 6. The high gelant
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viscosity before gel point can result in a much higher sweep area by a smaller mobility
ratio of gelant to oil. Consequently, more gel forms in oil-bearing zone and reduce
conformance control effectiveness. On the opposite, the new method can keep gelant
viscosity steady before gel point and fit well with both experimental data and gelation
mechanism. The simulation results confirm that the updated gelation model better reflects
the gelation process and gel treatment EOR mechanisms.

2.3. EFFECT OF GELATION TIME ON GEL TREATMENT
For conformance control, polyacrylamide crosslinked with chromium(III)-acetate
gel is one of the most popular gel systems in the petroleum industry because of its
relatively inexpensive price (Sydansk, 1990) and a controllable gelation time for specific
placement needs.
Gel treatment using in-situ gel is a complicate process that the requirement for
gelation kinetics varies from reservoir to reservoir and from well to well, which depends
on where and when gel is applied. Both laboratory and simulation studies are very
important for a successful gel treatment design.
During placement, gelation is not expected to happen, which means the viscosity
of blocking agent should be similar to polymer (Seright, 2011). If gelation occurs too
early, gelation will not only increase the viscosity of gelant, but also could form retained
gel and block the flow path of later injected gelant, shown in Figure 9, which in result,
interferes with gelant propagation, and decreases injectivity.
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Figure 9. Illustration for Effect of Early Gelation Problem

3. SIMULATION MODEL

In order to investigate the impact of gelation time on the effectiveness of gel
treatment, a numerical model (Figure 10) was set up to simulate a coreflooding
experiment using a Berea Sandstone core with an open fracture. Core and corresponding
gel data is listed in Table 3.

Table 3. Reference data for Core and Gel Properties
Position

Core
Material

Initial
K (md)

Matrix

Berea

98

Channel

Sandpack 8100

∅

Kw@Sor
(md)

HPAM Sor
in Gel Present?
(wt%)

Post𝑴𝒂𝒙 𝐅𝐫𝐫𝐰
Gel Kw
(md)

0.21

31

0.5

Yes

0.007

4,430

0.35

8100

0.5

No

0.029

279,000

The experimental data is cited from Seright et al. (2018), as shown in Table 3, and
the relative permeability data is shown in Figure 11. The fracture was filled with sand.
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Figure 10. Illustration of 2D Numerical Simulation Model with Local Grids Refinement.
(Grids colored Blue refers to Matrix grids and Grids colored Red refers to Channel grids)

Table 4. Model Specifications
Model Geometry (Before Refinement)
Total Grids after refinement
Model Cross Section Area (𝐢𝐧𝐜𝐡𝟐 )
Model Length (𝐢𝐧𝐜𝐡)
Channel Absolute Permeability (md)
Matrix Absolute Permeability (md)
Overburden Pressure (psi)
Temperature (F)
Flow Rate (cc/min)
Oil Viscosity (cP)
Water Viscosity (cP)
Gelant Viscosity (cP)
Gel Viscosity (cP)
HPAM Concentration (ppm)
Cr(III) Concentration (ppm)
Salinity (ppm)
Reaction Frequency A=A1=A2
Adsorption Capacity (𝛍g/g)

10 (X)*12 (Y)*1 (Z)
228
1*1
12
8100
98
0
77
0.1
286.3
1
18
2173
5000
95
0
1.32E+09
200

A 2D lab-scale numerical model is established using CMG STARS and is
illustrated in Figure 10. The model description is shown in Table 4. Near-wellbore and
near-channel grids are refined for treatment observation. A vertical channel mimicking
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the fracture in lab model is located at slab 6 in the center of the model extending from
inlet to outlet.

(a)

(b)
Figure 11. Relative Permeability Curve for Matrix (a) and Channel (b)
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3.1. REACTION DEVIATION USING CMG STARS
In CMG STARS, we defined the deviation of reaction equilibrium to set up a
systematic reaction with K eq . K eq is defined as Equation 14. With help of Equation 15,
we can control the start time of crosslinking reaction: when enough pre-gel is formed
1

from hydrolysis reaction (𝑥𝑝𝑟𝑒𝑔𝑒𝑙 > 𝐾 ), the forward reaction of crosslinking activates.
𝑒𝑞

Otherwise, no gel can be formed since the crosslinking reaction direction is backward, as
shown in Equation 15 previously.
K eq (𝑝, 𝑇) = (

𝑟𝑥𝑘1
𝑝

𝑟𝑥𝑘4

+ 𝑟𝑥𝑘2 ∗ 𝑝 + 𝑟𝑥𝑘3) ∗ exp (𝑇−𝑟𝑥𝑘5)
1

∆xpregel = max (0, 𝑥𝑝𝑟𝑒𝑔𝑒𝑙 − 𝐾 )
𝑒𝑞

(14)
(15)

3.2. GEL TREATMENT PROCEDURE IN LAB-SCALE RESERVOIR
SIMULATION STUDY
1. Water flooding from INLET.
2. When Water Cut at OUTLET reached 90% (10 mins), start gelant injection for
0.1 PV (21.6 mins).
3. Shut in the INLET and OUTLET for 4 hours. Soak the core and wait for gelation.
4. Open the INLET and OUTLET and resume water flooding from INLET.
5. After 2 PV of total fluid injected (431 min), shut in the well.
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4. SIMULATION RESULTS AND DISCUSSIONS

The critical times of aqueous phase gel concentrations in step 1, step 2, and step 3
are selected to compare two different methods of gelation simulation (Table 5). The
results of aqueous phase gel concentration are shown in Figure 10 & 11.

Table 5. Critical Time Steps for Investigation of Gel Placement
Critical times in three steps
Critical time step 1
After 0.1 PV of gelant injected
Time step 2
After 4 hours soaking
Time step 3
After 1 PV of post-water flooding

4.1. COMPARISON OF AQUEOUS PHASE GEL CONCENTRATION
DISTRIBUTION
Figure 12 (a) and (b) show the placement of gel using traditional method.
Obviously, a majority of gel is placed in matrix and the penetration of gel in channel is
limited. Figure 12c shows the gel concentration distribution after 1 PV of post-water
flooding. The result represents that most of aqueous phase gel in channel cannot be
driven deep and the gel in matrix keeps a high concentration. Since the amount of gel
injected is same, too much gel in matrix will inevitably result in not enough gel placed in
channel, which indicates an unfavored placement of gel.
On the other hand, shown in Figure 13a, b & c, new method considering
hydrolysis and crosslinking delay performs a qualified gel placement.
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Figure 12. Gel Concentration Distribution Generated by using the Conventional Method
(a. after 0.1 PV of Gelant Injected using Traditional Method. b. after 4 hours soaking
using Traditional Method. c. after 1 PV of post-water flooding using Traditional Method)

Figure 13. Gel Concentration Distribution New Method (a. after 0.1 PV of Gelant
Injected using New Method. b. after 4 hours soaking using New Method. c. after 1 PV of
post-water flooding using New Method.)
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A qualified gel placement that includes few gels formed during placement period,
a large portion of gel formed in channel during soaking period and penetration of gel
considerably deep in channel but acceptably superficial to the adjacent matrix.

4.2. COMPARISON OF RESIDUAL RESISTANCE FACTOR DISTRIBUTION
Adsorption of gel is assumed to happen instantly and the relationship between
aqueous phase gel concentration and adsorbed gel concentration is linear to simplify the
adsorption process and ignore effect from Langmuir adsorption coefficients. Residual
resistance factor (Frrw), which is the ratio of kw before treatment to kw after treatment,
directly represents the strength and blocking efficiency caused by the gel retained. With
Frrw distribution along the model, we can observe where the gel is placed. The Frrw
results are shown in Figure 14.

Figure 14. Residual Resistance Factor (a. after 1PV of post-water flooding using
Traditional Method. b. after 1PV of post-water flooding using New Method.)
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Residual resistance factor of gel treatment for both methods are shown in Figure
14 a & b. After 1 PV of post water flooding, simulation using traditional method shows
larger amount of retained gel in matrix that result in a very high residual resistance factor
in matrix all along the core. For simulation using new method, retained gel are
concentrated in channel since less diverted flow of gelant during placement. As a result,
the conformance control effect could be much better and authentic using new method
than using traditional method. We notice that in Figure 14b, inevitable amount of gel
retained near inlet in matrix. This amount of gel seems able to damage the oil zone.
Practically, in field, this part of gel retention could be easily removed using inexpensive
chemicals through wellbore circulation and further improves treatment. Moreover, when
gel treatment take place, water saturation near wellbore is commonly close to 1-Sor,
which indicates barely any mobile oil left near wellbore even in matrix. As a result, this
part of gel retention near wellbore in the matrix can scarcely interfere with oil-bearing
zone practically.

4.3. COMPARISON OF INJECTION PROFILE MODIFICATION
One of the major targets of conformance control is to modify the injection profile.
Whether or not the injection profile can be improved is a key judgement for the
validation of simulation models. Since the channel is vertical and the result is almost
symmetric by the channel, we show injectivity result for left-hand-side six slabs along Yaxis shown in Figure 15.
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The injection profiles of both methods’ results are shown in Figure 16 (Start
Gelant Injection), Figure17 (At end time of gelant injection) and Figure18 (After 1 PV of
post water flooding). Injectivity is calculated using Equation 16.

Figure 15. Slabs Setup Illustration from Inlet (Slab 1-5 refers to Matrix, Slab 6 refers to
Channel)

J=P

q

inj −𝑃𝑟

(16)

To evaluate gel treatment, whether the injection profile improves after treatment
is critical. Injection profiles of traditional and new method are analyzed for gel treatment
and the results are shown in Figure 16, 17 & 18. Note that in Figure 16, slab 1-5 are
matrix grids, among which slab 5 is a thin layer adjacent to channel used to simulate filter
cake formed at contact surface, and slab 6 is the channel. At start of gelant injection,
severe water channel makes injection profile unbalanced that injectivity in channel is
nearly 100% of overall injectivity. At end of gelant injection, the injection profile
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indicates gelant flow-front profile. For new method result, on the other hand, injectivity
at channel only decreases 2% that results from viscosity difference between water and
polymer.

Injectivity Percentage

Injectivity Percentage
50%

100%

0.033%
0.034%
0.038%
0.069%
0.142%

0%

Slab

Slab

0%

99.684%

1
2
3
4
5
6

50%

100%

0.030%
0.031%
0.033%
0.053%
0.114%
99.738%

(a)

(b)

Figure 16. Injection Profile at Start of Gelant Injection. Nearly no difference between two
methods at start of gelant injection. (a) Simulation result using traditional method. (b)
Simulation result using new method.

Injectivity Percentage

Injectivity Percentage
0%

50%

100%

0%
1

0.618%

9.816%

2

0.607%

9.311%

3

0.555%

4

0.350%

5

0.036%

Slab

Slab

10.014%

8.227%
1.952%
60.680%

(a)

50%

100%

97.834%

6

(b)

Figure 17. Injection Profile at End of Gelant Injection. (a) Simulation result using
traditional method. (b) Simulation result using new method. Over 90% percentage of
injectivity keeps concentrated in channel.
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Injectvity Percentage
50%

0%

100%

50%

100%

26.315%

1

0.000%

2

0.000%

30.691%

3

0.000%

34.582%

4

0.000%

5

0.000%

Slab

Slab

0%

Injectivity Percentage

0.015%
0.002%

99.998%

6

(a)

8.395%

(b)

Figure 18. Injection Profile after 1 PV of Post-water Flooding. (a) Simulation result using
traditional method. Injection profile same as before treatment. (b) Simulation result using
new method. Injection is high in matrix but low in channel and channel-adjacent strips.

The placement result after 1 PV of post-water flooding directly decide how good
the blocking efficiency shown in Figure 18, the injection profile of traditional method
(Figure 18a) return to the unbalanced condition before treatment which indicates a failed
treatment of gel. For new method result shown in Figure 16b, the water flooding flow
path has been diverted successfully by gel treatment and the injection profile is kept
favored after 1 PV of post-water flooding.

4.4. COMPARISON OF OIL RECOVERY IMPROVEMENT
Figure 19 indicates that the greater incremental oil response quickly after
treatment for new method than traditional method, which results from a good blocking
efficiency at channel. However, after 0.54 pore volume post-water injected, due to more
gel has been injected into matrix, the post water drive is diverted closer to edge of model
and consequently sweeps larger volume. Due to simulator limitation, the damage to oil
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effective permeability is not considered in this model, which consequently, makes the oil
recovery using traditional method higher than new method. However, this result only
happens when gel does zero damage to oil pathway in matrix, which, in fact, is not
realistic. As a result, oil incremental result cannot be a key factor in simulation to
evaluate effectiveness of gel treatment.

Figure 19. Oil Recovery by Traditional and New Method

5. CONCLUSION

Based on gelation process and gel treatment EOR mechanisms, this study
proposed a new model which is validated using history matching to consider delayed
gelation of in-situ gel. Because the proposed model provides a better simulation of the
gelation process, it can help to answer many heavily intertangled questions, like viscosity
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change, injectivity change, and selective or preferential penetration during the gelant
placement. The proposed model excels in explaining the lab scale results compared with
existing gelation model; therefore, we are confident this update will benefit for the field
scale numerical simulation for the gel treatment.
The new model can be applied on existing numerical simulation models (e.g.,
CMG STARS) and improve the simulation effectiveness and efficiency. It can be
integrated in other numerical simulation models to improve the accuracy of gel/polymer
EOR simulation. and its advantages are:
•

The new method can provide a better fit on viscosity change during gelation
process.

•

The new method can better simulate the preferential or selective penetration
during gelant placement.

•

The new method can better predict the gelant distribution after placement.

•

The in-situ gel simulation using the new method can better predict the injectivity
change during gelant placement.

•

The new method is more feasible to simulate the gelation kinetics variation.

•

Therefore, the new method can improve the simulation of in-situ gel to better fit
the results of lab experiments and the needs of field applications.
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V. IMPACT OF RHEOLOGY MODELS ON HORIZONTAL WELL POLYMER
FLOODING IN A HEAVY OIL RESERVOIR ON ALASKA NORTH SLOPE: A
SIMULATION STUDY

ABSTRACT

Polymer rheology can have either a positive or a negative effect on polymer
flooding performance under varied circumstances. Many researchers have studied the
effect of polymer rheology in a vertical well, but no field scale studies have been
conducted to investigate whether polymer rheology is beneficial to polymer flooding in
heavy oil reservoirs developed by horizontal wells. In this paper, we conducted a
numerical simulation study to examine the effect of HPAM polymer rheology on a
polymer flooding pilot, which is the first-ever project conducted on a heavy oil reservoir
from Alaska North Slope (ANS) developed by horizontal wells. Three rheology types
were considered in the study including the apparent viscosity measured during
coreflooding using a HPAM polymer, the bulk viscosity measured with a viscometer, and
a Newtonian flow model. The results suggest that using the bulk viscosity in simulation
underestimates the conformance control and the water-oil-ratio reduction capability of the
HPAM polymer solution. When the apparent viscosity is used, the incremental oil and
sweep were largely increased, and the optimal recovery period of polymer flooding was
extended greatly, especially for the heterogeneous formations. Therefore, the rheology
type of polymer plays a significant role in the incremental oil recovery and injection
profile of the horizontal well system given the pilot testconditions. This study has
provided practical guidance to field operators for the ongoing polymer flooding pilot on
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ANS and will also provide valuable information for other polymer projects conducted in
similar conditions.

1. BACKGROUND

Alaska North Slope (ANS) contains an estimated over 20-30-billion-barrels heavy
oil resources (Paskvan et al., 2016; Young et al., 2010). However, the development pace
has been quite slow due to the high costs and the low oil recovery efficiency using
conventional waterflood and EOR methods (Cheng et al., 2018). Even after three decades
of development efforts by multiple operators, the total heavy oil cumulative recovery
from all ANS fields just reached 255 million barrels which is less than 1% of the total
heavy oil in place by 2019 (Dandekar et al., 2019). As the ANS formations are relatively
close to the permafrost, steam generation is prohibitive considering the heat losses and
environmental requirements (Thomas et al., 2007). Thus, polymer flooding has been
recommended and applied in the target heavy oil formation (Ning et al., 2019). The US
Department of Energy and Hilcorp Alaska, LLC are jointly cosponsoring a 4-year field
pilot project entitled “First Ever Field Pilot on Alaska’s North Slope to Validate the Use
of Polymer Floods for Heavy Oil Enhanced Oil Recovery (EOR)”. The objective is to
improve the oil recovery efficiency by polymer flooding in the Schrader Bluff heavy oil
reservoir on ANS. Polymer flooding has been widely applied to decrease the driving
phase mobility and improve the sweep efficiency in conventional oil reservoirs. Recent
theoretical results (Seright et al., 2018) and field results (Han et al., 2006; Delamaide,
2014; Saboorian-Jooybari et al., 2016) have proved the effectiveness of this technology in
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viscous and heavy oil reservoirs. The current field pilot tests of the project also have
shown encouraging results in the EOR performance by polymer flooding (Dandekar et
al., 2019 & 2020; Ning et al., 2019 & 2020). Many lab experiments and simulation
studies have been conducted to understand the mechanisms behind the optimistic results
in pilot tests in different aspects (Zhao et al., 2020a; Zhao et al., 2020b; Chang et al.,
2020; Wang et al., 2020). This paper focus on the effect of polymer rheology on polymer
flooding performance in ANS heavy oil reservoir developed with horizontal wells.

2. INTRODUCTION

In lab experiments, two methods are commonly used for the measurement of
polymer rheology, viscosity measurement using viscometer and porous media
displacements using coreflooding experiments. The rheology response from the
viscometer is commonly called bulk viscosity. The dynamic viscosity of a polymer
solution during coreflooding experiments is called apparent viscosity, or porous media
rheology (Seright et al., 2010) or in-situ rheology (Vik et al., 2018). Since water viscosity
is close to 1 cp at room temperature, the apparent viscosity can be estimated as the
resistance factor calculated using the pressure drop ratio of polymer flooding to water
flooding at the same flow rate by Equation 1.
∆𝑃𝑝

𝜆𝑤

𝑤

𝜆𝑝

𝑅𝐹 = ∆𝑃 =

=

𝑘𝑤
𝜇𝑤
𝑘𝑝
𝜇𝑝

𝜇𝑝

≅ 𝜇 ≅ 𝜇𝑝
𝑤

It has been recognized that the rheology response from viscometers and from
coreflooding can be quite different for HPAM polymer. The rheology response from

(1)
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viscometer commonly shows a shear thinning behavior. However, in porous media, the
rheology response of partially hydrolyzed acrylamide (HPAM) polymer solution behaves
shear thinning at low to moderate shear rate but shear thickening at a high shear rate
(Gogarty, 1967; Graessley, 1974; Gleasure, 1990; Seright et al., 2008; Smith, 1970;
Zhang & Seright, 2015). Seright et al. (2011) conducted a series of apparent viscosity
tests for HPAM polymer, and for all concentration samples of HPAM polymer had a
strong shear thickening response at a high shear rate as shown in Figure 1. Vik et al.
(2018) compared shear thickening (HPAM), Newtonian (glycerol), and shear thinning
(Xanthan) polymer solution using x-ray visualization and concluded that injection of
HPAM polymer provided the most stable displacement front of viscous oil (about 500
cP) due to its shear thickening behaviors at high velocity.

Figure 1. HPAM Polymer Apparent Viscosity Behavior (Seright, 2011)

149
In a vertical well system, in fact, the pressure response of shear thickening
rheology was not often noticed (Seright, 2010). In vertical wells that contain open
fractures (both induced and natural), Ma & McClure (2017) indicated that the benefit of
the shear thickening rheology on polymer flooding sweep efficiency could be largely
reduced. Their theoretical and simulation studies indicated that due to strong shear
thinning behavior in the fracture, the majority of polymer tended to flow into the
fractures and reduced the polymer sweep in the matrix. On the other hand, in unfractured
vertical wells, Seright (1983) and Wang et al. (2008) stated that the polymer injection
pressure could be very likely higher than the formation parting pressure, due to viscous
polymer and apparent viscosity model especially in viscous and heavy oil with relative
low mobility. Consequently, the induced fractures could quickly reduce the pressure-rise
response of shear thickening rheology. As a result, simulation using apparent viscosity in
vertical well system may not reflect the real response of polymer flooding.
In a horizontal well system, Taber & Seright (1992) stated that the polymer
flooding considering apparent viscosity model was of great potential. Their analytical
studies concluded that because of the relative long horizontal lateral compared to the
narrow channels with high permeability, the polymer flooding could not increase
injection pressure extensively. But the concern is whether or not the apparent viscosity
model is one of the beneficial efforts for polymer flooding in terms of recovery and
sweep efficiency using horizontal wells.
With the development of horizontal wells, more and more projects have applied
horizontal wells for heavy oil EOR. Although many simulation studies have been
conducted on the rheology model effect of polymer flooding (Laoroongroj et al., 2014;
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Fortenberry et al., 2017; Khamees & Flori, 2017), the results are for the vertical well
system and lack applicability for the horizontal well project. Thus, to examine the
rheology model effect on polymer flooding efficiency with the horizontal well system in
heavy oil reservoirs, we conducted a case study for the ANS first-ever polymer flood
pilot. Results demonstrated how HPAM apparent viscosity correlated with polymer
concentration, formation permeability, porosity, saturation condition and flow velocity. A
great variation of formation heterogeneities (K ratio ranges from one to fifty) was
considered for sensitivity analysis. Incremental oil recovery, water cut reduction,
injection profile improvement, and water-oil-ratio (WOR) were considered to examine
the polymer flooding efficiency. Besides, this study provides insights into the polymer
rheology effect on enhanced oil recovery and conformance control in heavy oil reservoirs
and a validation of the established credible behaviors in the analytical simple systems.

3. SIMULATION MODEL

The target heavy oil formation contains a very thin layer of payzone (less than
twenty feet). The formation average permeability is very high due to the un-consolidated
sandstone. Thus, to reduce the noise of other influencing factors and to analyze the
detailed effect of polymer rheology model on the polymer injection profile, sweep and oil
recovery, all simulation runs were conducted in an aerial conceptual model containing
two horizontal laterals (Well ‘Injector’ and ‘Producer’). The formation properties are
based on the ANS heavy oil polymer flooding pilot project (Mathur et al., 2017).
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The model dimensions are 2000’ × 2000’ × 10’ in the direction 𝑖 − 𝑗 with 100
grid blocks in each direction. The model is illustrated in Figure 2. The horizontal model
is located at 3,930 ft true vertical depth (TVD). The vertical extent of the grid section
(only 1 grid in z direction) is fixed at 10 feet to accommodate the depths of two
horizontal wells. The model contains a vertical high permeability channel extended from
‘Injector’ to ‘Producer’. Thus, the model contains two different permeabilities. The high
permeability zone contains 100 grids that are channel-like and located at slab 25 (channel
width: 20 ft). All other grids have constant permeability as 1,000 md that was reported as
the average permeability for heavy oil reservoirs in Schrader formation in ANS. The
reservoir characteristics are listed in Table 1.

Figure 2. Reservoir Model illustration for K Ratio = 5:1 Base Case
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Table 1. Numerical Reservoir Model Characteristics
Reservoir Properties:
Length, I
Width, J
Thickness, K
Initial Reservoir Pressure
Initial Reservoir Temperature
Model Top Depth
Grids Dimensions
Grid Block Size
Porosity
Swi
Sor
Krw@Sor
Oil Viscosity
Water Viscosity
Low- and High-permeability Contrast
Crossflow, Ki:Kj
Polymer Adsorption Capacity
Well Constraints:
Injection Rate
Producer BHP
Well Radius
Operations
Polymer Initiation Time
Polymer End Time
Injection Profile Observation Time

Value
2000 ft
2000 ft
10 ft
1750 psi
89 F
3930 ft
100*100*1
20*20*10
23.6%
0.17
0.35
0.05
286 cP
1.07
1:5, 1:10 & 1:50
1
28 𝜇𝑔/𝑔
1500 bbls/d
600 psi
0.4 ft
80% water cut at Producer
100% water cut at Producer
After 1 FPV polymer injected

The relative permeability curves were measured using sandpack coreflooding
from Schrader Bluff NB formation. The relative permeability curve was measured in lab
experiments and fitted using the Corey’s Law with exponents and the coefficients: Nw=2,
No=2, Krw@Sor=0.05 and Kro@Swi=1. The esidual resistance factor Frr=1.4 (Ratio of
core permeability before polymer and after polymer flooding) was malso measured,
which was caused by polymer adsorption. However, in this study, because it is not
expected the adsorbed polymer to interfere with the effect of polymer rheology, it is
assumed that polymer adsorption does not reduce permeability significantly (Frr=1). The
commercial compositional simulator is used as the simulator throughout this study.
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4. SIMULATION OF POLYMER RHEOLOGY

4.1. INITIAL VISCOSITY
At a low shear rate, polymer solution commonly behaves like Newtonian fluid
with constant viscosity that only depends on the type, concentration, and salinity of
polymer solution. The commercial software calculated this low shear viscosity (or called
initial viscosity) with a nonlinear mixing rule. The initial viscosity 𝜇0 was calculated
using Equation (2). The viscosity mixture combines the mole fraction (𝑥) and viscosity
(𝜇) of each component (𝑖) in aqueous phase. The function 𝑓 equals to a constant for a
linear mixing component and equals to a logarithmic function of the component mole
fraction for a nonlinear mixing component such as polymer in this study. Intrinsic
viscosity (at maximum concentration 1200 PPM) of polymer is 44.7 cP.
𝐿𝑛(𝜇0 ) = ∑𝑛𝑖=1 𝐿𝑛(𝜇𝑖 ) ⋅ 𝑓(𝑥𝑖 )

(2)

4.2. NON-NEWTONIAN RHEOLOGY
In lab experiments, two approaches are commonly used to measure the response
of the viscosity of polymer solution to shear rate. For HPAM polymer, results from the
two methods are not the same.
The common core flooding experiments to measured viscosity shows shear
thinning at a low to medium shear rate but shows increased viscosity with increasing
shear rate. This effect is commonly referred to as (apparent) shear thickening or pseudodilatant (Seright et al., 2008) in the literature. The different non-Newtonian responses in
porous media was explained by Chauveteau (1981) as elastic turbulence contributed by a
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viscoelastic natural behavior of HPAM polymer solution experiencing a high shear rate.
A simplified dual power-law model based on Delshad et al.’s (2008) power-law model
was implemented in this study due to feasibility in the commercial software and good
quality in history matching. The model is shown in Equation (3).
𝜇𝑙,𝑚𝑖𝑛 (
𝜇𝑎𝑝𝑝 =

𝑢𝑤
𝑢𝑤,𝑚𝑖𝑛

𝑛𝑡ℎ𝑖𝑛−1

)

+ 𝜇𝑙,𝑚𝑎𝑥 (

𝑢𝑤
𝑢𝑤,𝑚𝑎𝑥

𝜇𝑙,𝑚𝑖𝑛
𝜇𝑙,𝑚𝑎𝑥

{

𝑛𝑡ℎ𝑖𝑐𝑘 −1

)

,

𝑢𝑙𝑜𝑤 ≤ 𝑢 ≤ 𝑢ℎ𝑖𝑔ℎ

,
,

𝑢 < 𝑢𝑙𝑜𝑤
𝑢 > 𝑢ℎ𝑖𝑔ℎ

(3)
The bulk viscosity from viscometer always shows a decreasing viscosity with an
increasing shear rate. The shear response is called shear thinning (or pseudoplastic) in
non-Newtonian fluid physics simulated using Meter’s Equation (Meter & Bird, 1964) and
Carreau-Yasuda Equation (Yasuda et al., 1981 & Bird et al., 1987). Similarly, in this
study, the shear thinning behavior bulk viscosity was fitted with a simplified power-law
model, (Equation 4).
𝜇𝑙,𝑚𝑖𝑛 (𝑢

𝜇𝑎𝑝𝑝 = {
𝜇𝑙,𝑚𝑖𝑛

𝑢𝑤

𝑤,𝑚𝑖𝑛

𝑛𝑡ℎ𝑖𝑛 −1

)

, 𝑢 ≥ 𝑢𝑙𝑜𝑤

(4)

, 𝑢 < 𝑢𝑙𝑜𝑤

4.3. PERMEABILITY DEPENDENCE
The influence of the permeability on the apparent viscosity is commonly
explained as the effective shear rate related to the pore size. Due to the permeability
variation in heterogeneous reservoirs, the relationship between the polymer apparent
viscosity (or Resistance Factor) and permeability must be declared. To be noted, the
HPAM polymer viscosity measured in viscometer shows a transition from Newtonian to
shear thinning as the shear rate increases, which is different from the apparent viscosity
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response in porous media. However, a couple of earlier researchers suggested that the
transition point measured in viscometer should coincide with the onset of shear
thickening by HPAM solutions in porous media (Graessley, 1974; Durst et al., 1982;
Seright et al., 2011).
To fit this transition point, a correlation 𝑢(1 − ∅)/(∅𝑘)0.5 based on the original
capillary tubing model approximation was applied by Chauveteau & Zaitoun (1981) and
Seright (1991). As shown in Figure 3, the onset of shear thickening can be well fitted
with the correlation. In this study, it is also implemented this method to quantify different
rheology response in the low and high K zones.

Figure 3. Permeability Dependent Correlation for Apparent Viscosity Model. (Seright,
2011)
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The simulator allows a permeability-porosity dependent function. With the help
of Cannella et al.’s (1988) two-phase-flow correlation model by Eq 5, we can convert the
velocity dependent rheology to a shear rate and include the relation between permeability
and porosity. By considering the tuning factor and Cannella et al.’s two-phase flow
𝑛

correlation, we can calculate the constant 𝐶

3𝑛+1 𝑛−1
( 4𝑛 ) .
𝑛

3𝑛+1 𝑛−1
𝑢𝑤
)
) (
4𝑛
√𝐾𝑘𝑟𝑤 𝑆𝑤 ∅

𝛾𝑒 = 𝐶 (

(5)

In this study, the bulk viscosity and apparent viscosity fitting results with
Equation3 and Equation 4. are respectively displayed in Figure 4. Shifting factor was
fitted as 21.7 (divider on shear rate to match water velocity with shear rate, fitting method
detail was discussed in Seright et al., 2011) for core flooding experiments and viscometer
results.

Figure 4. Illustration of Fitting on the Onset of Shear Thickening with Bulk Viscosity
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4.4. RHEOLOGY MODEL FITTING
The polymer used in this heavy oil project is FlopaamTM 3630, which is a linear
copolymer comprised of acrylamide and acrylic acid, hydrolyzed to 30%. The HPAM
polymer is provided by SNF FLOPAAMTM Inc. with a molecular weight in the range of
18-20 Million Dalton. In this study, we implemented the same type of polymer with 1200
PPM.

Figure 5. Fitting Results for 1200 PPM 3630 HPAM Apparent Viscosity Model

Three types of dynamic viscosity models were implemented in this study: the
Newtonian flow model, the bulk viscosity model, and the apparent viscosity model. The
lab results indicated quite well fit with the selected dual power-law model for the
apparent viscosity model and the power-law model for the bulk viscosity model. The
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fitting results are shown in Figure 5 with initial viscosity = 44.73 measured at 0.038 ft/d.
So, the fitted coefficients are 𝑛𝑡ℎ𝑖𝑛 = 0.4568 and 𝑛𝑡ℎ𝑖𝑐𝑘 = 1.48 for the apparent
viscosity model; only shear thinning term is concerned with 𝑛𝑡ℎ𝑖𝑛 = 0.66 for the bulk
viscosity model and we assume viscosity = 44.73 for the Newtonian model.

5. SIMULATION DESIGN

In a homogeneous reservoir, medium to high shear rates usually only exist near
the wellbore. In a heterogeneous reservoir, shear rates can also elevate greatly in high
permeability zones or channels. As a result, four heterogeneity cases were implemented
for each rheology model. As shown in Figure 6, oil recovery, water cut, injection profile,
and water oil ratio (WOR) are four outputs (or ‘objective functions’), in which we are
interested to evaluate the efficiency of polymer flooding for EOR.

Figure 6. Simulation Design for Model Heterogeneities, Polymer Rheology Models and
Objective Functions.
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6. SIMULATION RESULTS

The polymer flooding initiation time was set at 80% water cut. To be noted, due
to different K ratios, the target water cut was reached at varied times. Although the
breakthrough times (BT) were earlier for higher K ratio cases, the times to reach 80%
water cut were later for higher K ratio cases due tothe crossflow delayed the water
breakthrough at the low K zone. Table 2 presents the times for each case to initiate
polymer flooding when water cut reaches 80%.

Table 2. Simulation Water B.T. Time and Polymer Initiation Time Results.
Cases

K Ratio

Homogeneous Case
Mild Heterogeneous Case 1
Mild Heterogeneous Case 2
Severe Heterogeneous Case

1:1
5:1
10:1
50:1

Water B.T. Time,
days
196
51
33
14

Polymer Initiation
Time, days
343
352
363
633

6.1. INJECTION VELOCITY PROFILE RESULTS
Figure 7 presents the velocity profile and viscosity results near the high
permeability channel before and after 0.1 PV of polymer flooding. The channel is located
on the grid 490 ft away from the heel of the injector. Properties from 250 ft to 750 ft grids
were selected as plotted along the X-axis. With increasing heterogeneity, the velocity
differences between the channel and low permeability zones increased dramatically
during waterflooding. With the apparent viscosity model during polymer flooding, the
velocity in the channel was reduced nearly half for mild heterogeneity cases and was
reduced to nearly 1/3 of velocity during waterflooding for severe heterogeneity cases. On
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the opposite, the bulk viscosity model polymer flooding increased the velocity in the
channel compared with water flooding.
The apparent viscosity profiles near the high permeability channel were also
plotted in Figure 7 (a, Homogeneous Model; b, Mild Heterogeneous Model 1; c, Mild
Heterogeneous Model 2; d, Severe Heterogeneous Model. The curve line shows the
apparent viscosity, and the bar chart denotes the j-direction (well to well) velocity profile
after 0.1 PV polymer flooding for each case: porous media model (Red), Bulk viscosity
(Green), Newtonian (Brown), Water flooding (Light Blue)) using the smoothed curve
plots.

a

b

c

d

Figure 7. Velocity and Apparent Viscosity Profile at Injector.
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The apparent viscosities were calculated based on the dynamic velocity in a wellto-well direction. Apparent viscosity can indicate the resistance in each grid based on the
Darcy’s Law. Based on the results, polymer flooding with the apparent viscosity model
has the highest resistance to penetrate into the channel and its resistance increases with
increasing K ratio. However, the polymer flooding with the bulk viscosity model has the
least resistance to penetrate into the channel.
Table 3 presents the apparent viscosity distribution for one homogeneous and
three heterogeneous models. The color scale indicates the resistance intensity in each
grid. At the same time, it also indicates the sweep condition after 0.1 PV polymer
flooding since the apparent viscosity is a function of polymer concentration as well.

Table 3. Apparent Viscosity Distribution (unit in cP)
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For polymer flooding with the bulk viscosity model, the sweep efficiency was
largely decreased by the increased heterogeneity.
Meanwhile, polymer flooding using the apparent viscosity model can still provide
a good sweep improvement with increased heterogeneity. The results also indicate that
the polymer flooding with the apparent viscosity model has a much higher resistance
factor (shown with red >66 cP) than with the other two models (shown with yellow 51 to
59 cP and blue <15 cP) in the channel for the severe heterogeneity case.

6.2. OIL RECOVERY AND WATER CUT RESULTS
Several key times were considered to examine the short-term and long-term effect
including 0.1 PV (112 days), 1 PV (1120.8 days) of polymer injected and simulation end
time. The key results considered included the water cut reduction (the difference between
before polymer and minimum value during polymer flooding, as shown in Figure 8 for
the Newtonian case), and incremental oil over waterflooding (the difference between
polymer flooding and waterflooding at each key time, e.g., incremental oil for Newtonian
flow was shown in Figure 8). The effective period indicates how many days of polymer
flooding can provide lower water cut than waterflooding (e.g., the effective period for K
Ratio=5 case is marked on Figure 8, that from the cross point of polymer flooding and
water flooding water cut curves at 80% to the first cross point after the water cut
reduction).
For the base case K ratio = 5:1 shown in Figure 8, we can see that the apparent
viscosity model case provided higher water cut reduction and oil recovery than the bulk
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viscosity model case. However, either of the rheology models provided higher oil
recovery than the Newtonian flow ideal model.
In fact, many HPAM type polymers, regardless of their chemical origin, behave
as non-Newtonian fluids to some degree and the porous media shear response is intrinsic
(Hirasaki and Pope, 1974). Based on the base case result, simulating polymer flooding
with the bulk viscosity model predicted less in terms of polymer effectiveness and with
the Newtonian model overestimated the effectiveness.

Figure 8. Oil Recovery and Water Cut with Different Rheology Model for Base Case K
Ratio=5 (Solid lines represent the water cut results; Dash lines represent the oil recovery
factor results; x-axis denotes the days counting from the beginning of simulation)
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6.3. WATER CUT REDUCTION RESULTS
Table 4 presents the water cut reduction and effective period results for four
different heterogeneous models. The results of water cut reduction represent the
effectiveness of polymer flooding on excessive water shutoff. Effective period can show
the length of the effect on water shutoff. Results indicate polymer flooding with both the
apparent viscosity and the bulk viscosity models provided decreasing water cut reduction
but increasing effective period when increasing K ratio up to 10:1. For the severe
heterogeneity case, due to no water cut reduction for polymer flooding with the bulk
viscosity model, no effective period for the bulk viscosity model casewas observed.

Table 4. Water Cut Reduction Results
Heterogeneity
K Ratio = 1

K Ratio = 5:1

K Ratio = 10:1

K Ratio = 50:1

Rheology Model
Newtonian
Bulk Viscosity
Apparent viscosity
Newtonian
Bulk Viscosity
Apparent viscosity
Newtonian
Bulk Viscosity
Apparent viscosity
Newtonian
Bulk Viscosity
Apparent viscosity

Water Cut Reduction, %
35.4763
30.5533
33.4111
33.4457
18.9116
31.7042
31.5219
2.5281
30.5144
25.0071
0*
19.9773

Effective Period, days
903.3
955.3
846.3
918.1
999.1
863.1
930
1523
872
1314
0
1151

(*: No obvious water cut reduction compared to water flooding)

On the other hand, polymer flooding with the apparent viscosity model still could
provide an increasing effective period for the severe heterogeneity case.
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6.4. INCREMENTAL OIL RECOVERY RESULTS

Table 5. Incremental Oil Recovery Factor Results
Heterogeneity

K Ratio = 1

K Ratio = 5:1

K Ratio = 10:1

K Ratio = 50:1

Rheology Model

Incremental Oil Recovery, %
At 0.1 PV

At 1 PV

At End

Newtonian

0

15.4913

12.2272

Bulk Viscosity

0

11.3908

9.9704

Apparent viscosity

0

13.3621

10.9411

Newtonian

0

15.7964

12.3585

Bulk Viscosity

0

10.9396

9.0872

Apparent viscosity

0

13.7447

11.1294

Newtonian

0.3529

16.4895

12.665

Bulk Viscosity

0.1814

8.4257

8.783

Apparent viscosity

0.3683

14.5514

11.5344

Newtonian

1.9678

20.0301

15.787

Bulk Viscosity

1.079

0*

0

Apparent viscosity

1.8969

18.8132

15.7557

(*: No obvious incremental oil compared with water flooding)

Table 5 presents the incremental oil recovery factor over waterflooding. After 0.1
PV polymer injection the incremental oil recovered was limited.
After 1 PV polymer flooding, the differences between the apparent viscosity
model and the bulk viscosity model cases were large.
With increasing K ratios, the increasing trends were the same for polymer
flooding with the apparent viscosity model and the decreasing trends were the same for
polymer flooding with the BV model after 1 PV and at the end of the simulation.
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6.5. WATER OIL RATIO VERSUS OIL RECOVERY FACTOR RESULTS
Our simulation results also indicated that heterogeneity decreased the optimal
period sharply (e.g., no obvious optimal recovery period for waterflooding in the severe
heterogeneity case in Figure 9d).

9a

9b

9c

9d

Figure 9. Water Oil Ratio Results with Effect of Heterogeneity. (a, K Ratio = 1; b, K
Ratio = 5; c, K Ratio = 10; d, K Ratio = 50)

7. DISCUSSION

For the lab rheology results fitted in this study, the viscosity of polymer solution
at very low shear rates (0 to 0.038 ft/d or 0 to 0.83 1/s) exhibited Newtonian behavior for
all three types of rheology models. At low shear rates (0.038 to 0.1 ft/d or 0.083 to 2.17
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1/s), both bulk viscosity and apparent viscosity behave shear thinning at the same shear
coefficient (slope). Consistent with previous studies (Seright et al., 2011), at medium to
high shear rates (> 0.1 ft/d or 2.17 1/s), the viscoelastic nature of the HPAM solutions in
porous media starts to overwhelm the pseudoplastic behavior seen in bulk viscosity,
which induces the difference in apparent viscosity predicted by two models.
By comparing four different K ratios, we observe that the velocity varied
significantly especially at the near-wellbore area (well grids). For mild heterogeneous
case 1, the average velocity of water flooding at the matrix grid was 0.61 ft/d and velocity
at the channel grid was 2.6 ft/d. For the severe heterogeneous case, the velocities for
matrix and channel grids were 0.48 ft/d and 7.5 ft/d. The matrix velocities all fell at the
‘bottom’ of apparent viscosity, while the channel velocities fell at the strong shear
thickening period. As a result, the apparent viscosities response with the porous media
model was 36.3 cP (1.3 times of matrix) for K ratio = 5 cases and was increased to 71.8
cP (2.66 times of matrix) for K ratio = 50 cases. When the K ratio increased from 1
(homo) to 50, for Newtonian flow, the velocity ratio (𝑣𝐾ℎ𝑖𝑔ℎ : 𝑣𝐾𝑙𝑜𝑤 ) increased from 1 to
50:1 and the conformance problemappeared. For the apparent viscosity model, since
apparent viscosity ratio (𝜇𝑎𝑝𝑝,𝐾ℎ𝑖𝑔ℎ : 𝜇𝑎𝑝𝑝,𝐾𝑙𝑜𝑤 ) increased from 1 (homo) to 2.66 (K
ratio=50), the velocity ratio decreased from 50:1 to 18:1. Consequently, the injection
profile was improved.
Table 3 presents the apparent viscosity distribution after 0.1 PV polymer injection
by using three rheology models. The viscosity ratios for the apparent viscosity model
cases enlarged greatly when the K ratio was raised from 1 to 50, and this viscosity ratio
remained high deep into the far field grids. For K ratio = 50, the polymer penetration in
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the channel was the deepest for the bulk viscosity model case due to shear thinning
behavior and was the smallest for the apparent viscosity model case because the high
apparent viscosity resisted the polymer flow into the channel. As a result, more polymers
could be injected into the un-swept low K matrix. However, this preferred apparent
viscosity ratio can only be achieved when the channel apparent viscosity is higher than
the matrix viscosity. As shown in Figure 9, at low to medium shear rates, though the
shear rate is beyond the onset of shear thickening, the channel viscosity can still be lower
than matrix viscosity. As a result, the flow velocities need to be very high (e.g., near
wellbore) to achieve the favored apparent viscosities for HPAM polymer flooding.
The effectiveness of polymer flooding on conformance control can be reflected in
water cut reduction and incremental oil recovery. For the water cut reduction shown in
Table 4, though the effective period of the bulk viscosity model cases was longer than the
other two rheology model cases, the water cut reductions were very limited. Thus, the
advantage of the effective period of the bulk viscosity model cases did not provide the
benefits on EOR (Table 5). The incremental oil recovery decreased sharply with
increasing heterogeneity and had a negative effect on oil recovery compared with water
flooding for the severe heterogeneity case. The incremental oil recovery at 0.1 PV
polymer flooding shows no obvious benefit because the oil bank driven by polymer slug
had not arrived at the producer. A comparison of incremental oil recovery at 1 PV and
end of the simulation suggests that the effect on conformance control majorly benefits the
beginning 1 PV of polymer flooding, since the difference between 1PV and end of the
simulation is insensitive to the K ratio. In otherwords, polymer flooding using apparent
viscosity model improved the recovery efficiency. Due to the same initial viscosity, the
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difference between the apparent viscosity model case and the bulk viscosity model case
oil recovery mainly results from the rheology response.
On the other hand, the apparent viscosity model and the bulk viscosity model can
also affect differently the optimal recovery stage of polymer flooding. The WOR versus
Oil Recovery (WOR-RF) plot is a macroscopic manifestation of the internal mechanisms
of the reservoir system. Currier & Sindelar (1990); Barge et al., (2005) suggested the low
WOR stage (e.g., water production rate is not much higher than oil production rate) as the
optimal recovery stage. Because after WOR increase greater than unit, it may increase
quickly especially in heterogeneous reservoirs. Vittoratos & West, 2010 stated that for
heavy oil waterflooding, this period can be relatively longer than conventional oil
recovery. However, when heterogeneity is severe, this optimal recovery period will
decrease significantly due to the conformance problem (e.g., Figure 9 no low WOR
period can be observed).
With proper profile control approaches such as polymer flooding, the WOR was
reduced effectively, and an extended optimal recovery period was achieved (marked
‘Low WOR extension’ in Figure 9a) due to the profile improvement. For homogeneous
and mild heterogeneity cases (Figure 9a&b), the WOR reduction could be observed soon
after polymer flooding for all three rheology models. However, with the increase of the K
ratio, the optimal extension period of the bulk viscosity model was reduced greatly and
for the severe heterogeneity case (Figure 9c&d), the extension period disappeared.
Meanwhile, in an interval after initiation of polymer flooding, the WOR for the three
rheology models was quite similar, which resulted from the effective mobility control
effect. On one hand, this similar WOR indicated the equal effect on the water reduction
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by three rheology models in the certain oil recovery interval. While increasing the K
ratio, the heterogeneity became dominant to the WOR response and the similar WOR
interval decreased and vanished, which indicated the decreasing capability of the bulk
viscosity model for profile control. On the other hand, the results showed that with
increasing heterogeneity, the optimal period of waterflooding decreased, but the optimal
period extension of polymer flooding increased using the apparent viscosity and
Newtonian models. Though the oil recovery and WOR results of the apparent viscosity
model were below the value of the Newtonian model in all four cases, the difference
between the two models was quite limited especially for the K ratio=10 and K ratio = 50
cases.
In this study, we discussed the polymer flooding simulation considering the
rheology influence in horizontal wells. Consistent with previous theoretical analysis
(Seright, 2010), simulation results show the variations of polymer flooding efficiency by
using the bulk viscosity model and the apparent viscosity model at relatively high flow
rates with the linear flow in parallel horizontal wells system. The sweep was largely
increased if the shear thickening was considered in the rheology model (Table 3)
Simulation of HPAM non-Newtonian rheology using bulk viscosity
underestimated the prediction results of real porous media performance of polymer
flooding in our simulation case and application of the apparent viscosity model shows
great benefit for this case study of heavy oil polymer flooding using horizontal well in
terms of profile control, sweep improvement and WOR reduction.
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8. CONCLUSION

This study extended the analytical analysis of the beneficial effect of using the
polymer rheology model in horizontal well polymer flooding and compared the apparent
viscosity model results with bulk viscosity and Newtonian flow model results.
Polymer flooding effectiveness is strongly influenced by reservoir heterogeneity.
Increasing K ratio was negative for the ultimate oil recovery of both water flooding and
polymer flooding. However, for the incremental oil recovery of polymer flooding beyond
waterflooding, increasing K ratio increased polymer performance when using the
apparent viscosity model but decreased polymer performance when using the bulk
viscosity model.
In terms of oil recovery, the non-Newtonian rheology model cannot increase the
polymer flooding recovery more than the Newtonian flow model due to the relatively
higher overall apparent viscosity of the Newtonian flow model. However, in terms of
injection profile improvement, the apparent viscosity model can effectively reduce the
conformance problem of heterogeneous reservoirs with a preferred apparent viscosity
ratio at a high flow flux.
The apparent viscosity response can provide sufficient resistance for the driving
phase in channels where velocity is commonly very high but keep a moderate resistance
in matrices where velocity is relatively lower. With this mechanism, the apparent
viscosity model makes HPAM polymer eligible for conformance control in horizontal
well polymer flooding.
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In addition to the optimal recovery stage by waterflooding in heavy oil, polymer
flooding can provide an extended period of optimal recovery with low WOR. For higher
heterogeneity cases, this extended period was very limited for the bulk viscosity model
but increased dramatically for the apparent viscosity model.
The sweep was largely increased if the shear thickening was considered in the
rheology model. Simulation of HPAM non-Newtonian rheology using bulk viscosity may
not reflect the results of the in-situ performance of polymer flooding. The application of
the apparent viscosity model in simulation shows great potential benefits for the case
study in heavy oil polymer flooding using horizontal well to improve the sweep, to
reduce the WOR, to overcome the negative effect by heterogeneity, and to extend the
economic production.
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VI. IMPACT OF POLYMER RHEOLOGY ON GEL TREATMENT
PERFORMANCE OF HORIZONTAL WELLS WITH SEVERE CHANNELING

ABSTRACT

Gel treatment has been a cost-effective method to control the conformance of a
reservoir with severe heterogeneity problems. The water channels in such reservoirs can
be classified as open fractures or high permeability porous media with pore-throat
network. Many simulation studies have been conducted to discuss gel treatment
performance for conformance control. However, nobody considered the polymer
rheology difference in open fractures and porous media in simulation. Previous
simulation studies also ignored the residual resistance factor as a function of rock
permeability rather than a constant parameter. In this study, a conceptual simulation
model was established to simulate the linear flow system for the reservoir with horizontal
wells considering the two factors mentioned above. The results demonstrate that the gel
treatment always provides the better placement results in the open fracture type channel
than pore-throat network type channel. Moreover, it is very necessary to consider residual
resistance factor as a function of permeability, which is based on the experimental results
and can provide much greater plugging efficiency in the higher permeable channels than
constant residual resistance factor. Sensitivity analysis studies and multi-factor analysis
indicate that increasing oil viscosity and permeability ratio have a strong positive
influence on conformance control results, which indicate in-situ gel treatment can be
better applied in heavy or viscous oil reservoirs with fracture-like channels. Besides, the
results also indicate that at near wellbore situation where flow velocity was high, the
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differences of gelant placement and profile improvement in models with two different
types of channels could be enlarged greatly.

1. INTRODUCTION

Oil and natural gas are often produced with large volumes of excessive water in
oil fields, especially in the late stage of an oil or gas field development. Published data
indicates a 40-billion-dollar expenditure comes from excessive produced water treatment
and disposal in petroleum industry each year and at least 10:1 bbl/bbl of produced water
to oil ratio is reported in the United States (Veil, 2015). Globally, ~250 million barrels of
water are produced daily from both oil and gas fields, and more than 40% of this is
discharged into the environment (Ebenezer et al., 2014). Reservoir heterogeneity is an
important factor responsible for the excessive water production and low sweep efficiency.
For heterogeneous reservoirs, after thief zones (or water channel) are formed by
extensive water floods, improved sweep is commonly needed to control water
production.
Conformance control using gel treatment is a technique to encourage displacing
movable oil in un-swept zone and to improve water drive closer to optimal conformance
condition (Bai et al., 2015). The concept of gel treatment is to improve the sweep
efficiency of water flooding by placing a blocking slug of gel in the water channel to seal
the thief zone. In-situ gel (Needham et al. 1974) is a conventional type of polymer gel
systems that has been widely applied for conformance control. The basic operational
process for this technology is to pump the polymer solution (e.g., 0.5 wt%) and
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crosslinker (e.g., 1/40 of polymer (Sydansk 1988)) as a mixture solution, called gelant,
into the formation. Then, the well is shut in for a certain time to ensure in-situ gelation
taking place sufficiently. During this period, the slug of gel as a permeability modifier or
barrier in the preferential water channel is formed. Finally, the well is opened, and the
subsequent water drive can be diverted to the un-swept zone. Based on the location of gel
placement, the treatment can be categorized by profile control at injection wells, in-depth
flow diversion, and water shutoff at production wells, shown in Figure 1. This paper is
focused on the gel treatment through injection wells.

Figure 1. Illustration of Gel Treatment and Categories

A successful in-situ gel treatment highly depends on the effective placement of
gel that an effective block to flow needs to form at the appropriate location in highpermeability thief zone (Seright et al. 2003). The effective gel placement requires the
preferential penetration of polymer solution (also called selective penetration) that the
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penetration of gelant in thief zone is much deeper than the penetration in matrix.
Otherwise, the penetration into and permeability reductions in less-permeable matrix may
induce the reduction in flow capacity in the low-permeability matrix greater than that in
high-permeability thief zone (Seright, 1988). The previous research suggested that the
applicable situations for effective gel treatments were quite limited (Seright, 1988;
Seright, 1991; Liang et al., 1993; Seright et al., 2012). However, field practices have
suggested that fractures, including natural fracture, extension of hydraulic fracture etc.,
commonly exist in severe channels and the heterogeneity scenario with fracture caused
channeling is suitable for a successful in-situ gel treatment (Sydansk & Southwell, 2000).
Wang et al. (2008) and Seright et al. (2009) have speculated that fractures (hydraulic
fractures or extensions) are very common near well bore during polymer injection. This is
because for fractured wells, the low-mobility polymer injection can easily induce
extension of fractures (Seright, 2010). For unfractured wells, the polymer injection will
inevitably increase the injection pressure, and the increased pressure is very likely higher
than the formation fracking tolerance and forms new fractures (Lee et al., 2011). Many
gel treatments applied in the reservoirs with fractures or fracture-like channels have
reported very optimistic results (Aldhaheri et al., 2016).
In fact, there exist two types of channels including open fracture and pore-throat
network. In previous analytical and simulation studies, gelant was assumed to be either
Newtonian fluid or non-Newtonian fluid with the same rheology response in both types
of channels. However, lab tests have indicated that gelant of which rheology behavior is
the same as polymer has shown quite different rheological behavior in the two types of
channels.
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Partially hydrolyzed acrylamide (HPAM) polymer rheology in conventional
porous media has been studied for decades (Gogarty, 1967; Graessley, 1974; Gleasure,
1990; Seright et al., 2008; Smith, 1970; Seright et al. 2011; Zhang & Seright, 2015).
Their results show that the rheology response of HPAM polymer flowing in conventional
porous media is different from the bulk viscosity measured from viscometer. The
polymer bulk viscosity shows shear thinning behavior (a decreasing viscosity with an
increasing shear rate) in common shear rate condition of a fluid flow through a reservoir,
while the HPAM polymer viscosity in the conventional porous media behaves shear
thinning at a low to moderate shear rate but shear thickening (an increasing viscosity with
an increasing shear rate) at a high shear rate.
Chauveteau (1981) explained the polymer shear thickening as the elastic
turbulence contributed by viscoelastic nature of HPAM polymer experiencing a high
shear rate when flowing through pore network. Many projects of polymer flooding have
been believed to be conducted in the reservoirs with fractures (Seright et al.,2010);
therefore, the polymer rheology response during flow in fractures was investigated. Ma &
McClure (2017) suggested that the rheology response in fracture was similar to the bulk
viscosity, in which HPAM polymer solution only behaved shear thinning. Zechner et al.
(2013) explained that the viscoelastic behavior, which contributed to the polymer shear
thickening rheology in conventional porous media, was commonly not observed during
polymer flow through fractures, since the significant chain entanglement during polymer
flow through pore-throat of conventional porous media did not occur.
Another problem was that the residual resistance factor (Frr) model was assumed
constant in previous studies. After gel is formed, it can retain due to several mechanisms
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(Yao et al, 2014) and reduce the permeability of fluid flow channels. Frr, which is the
permeability ratio before and after gel treatment shown in Equation 1, is commonly
applied in lab to characterize the plugging efficiency.
𝑘

𝐹𝑟𝑟 = 𝑘𝑏

𝑎

(1)

where, 𝑘𝑏 is absolute permeability before gel, 𝑘𝑎 is absolute permeability after gel.
For previous studies, researchers assumed the Frr equals to the permeability ratio
in analytical model (Liang et al., 1993) or is a constant number in simulation model
(Herbas et al., 2004; Khamees and Flori, 2018). However, extensive laboratory
experimental results have shown that the polymer gels are capable to reduce both low K
and high K zone permeabilities to the same value (Seright, 2009), which means the highpermeable channel Frr is much higher than matrix Frr.
Gel placement and injection profile improvement are two major considerations for
a successful gel treatment. No doubt that both polymer rheology and Frr model can
influence both of them. However, no research has been reported and discussed the extent
to what the two parameters can influence the gel placement and the injection profile
improvement. In this paper, we built a linear conceptual reservoir model based on the
conditions of a target oil reservoir in Alaska North Slope, which was developed by
horizontal wells, and used a numerical simulation method to conduct such an
investigation. The results can be used to provide a guidance about where gel treatment
can be better applied and how to better design a gel treatment project to minimize the
potential gel damage on un-swept volume and to better improve injection profile.
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2. SIMULATION MODEL

2.1. MODEL SETUP
To analyze the effect of channel types on gel treatment, we applied a linear flow
conceptual model that contains two horizontal regions. As shown in Figure 2, the model
contained a low K region (colored blue) and a high K region (colored red).

Figure 2. 2D Illustration of Simulation Reservoir Model with Parallel Horizontal Wells

Table 1 listed the parameters for simulation base case. In this study, we use the
high K region to mimic the porous media or fracture type channel and the low K region
to mimic the matrix. The matrix permeability is set as 1245 md. The model does not
include crossflow between high and low K regions. The thickness of both high K and low
K regions are 10 ft. The width of both high K and low K regions are 10 ft as well.
Polymer HPAM concentration is 5000 PPM and crosslinker Cr(III) acetate concentration
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is 416 PPM (HPAM/Cr3+ ratio = 40:1), which is applied in experiments extensively
(Seright, 2009). Polymer initial viscosity is 656 cp, which is the plateou viscosity.
CMG STARS was used in this study for all the simulations. The operational
procedures for the simulation study include First, inject water from injector; Second,
when producer has water cut reaching 90%, measure the injection profile before gel and
shut in the well; Third, switch to gelant injection from injector; Fourth, polymer produced
at production well, shut in the wells; Gelation is triggered after well shut-in. After
gelation fully reacted, restart the model and switch to water flooding from injector. After
gelant is placed, we use the gelant penetration in low K region to calculate degree of
penetration and use the injection profile of post water flooding to calculate profile
improvement. Frr model for base case is permeability dependent. The relative
permeability curve is assumed using Corey’s Law (Equation 2 and Equation 3) and the
paremeters are listed in the bottom row of Table 1.

Table 1. Base Case Model Properties
Geometry
1000*20*10 ft3
Porosity

Grids*
1000*2*1
Polymer Conc.

0.236
Oil Viscosity
10 cp
𝑆𝑤𝑖
0.3

5000 PPM
Gelant Injection
At 90% water cut
𝑆𝑜𝑟
0.3

Matrix Permeability
1245 md
Crosslinker Conc.

Permeability Ratio
100
Polymer Initial
Viscosity
416 PPM
656 cp
Crossflow
Frr Model
No crossflow
Experimental Frr
𝐾𝑟𝑜@𝑆𝑤𝑖 𝐾𝑟𝑤@𝑆𝑜𝑟
𝑛𝑤
𝑛𝑜
1
0.3
2
2

*Grids here contain refined grids. Original I-direction has 100 grids and each grid is refined to 10 grids in
calculation to ensure accuracy of calculating gelant penetration.
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𝑆𝑤−𝑆𝑤𝑖

𝐾𝑟𝑤 = 𝐾𝑟𝑤@𝑆𝑜𝑟 ∗ [1−𝑆𝑜𝑟−𝑆𝑤𝑖]

𝑛𝑤

1−𝑆𝑜𝑟−𝑆𝑤 𝑛𝑜

𝐾𝑟𝑜 = 𝐾𝑟𝑜@𝑆𝑤𝑖 ∗ [1−𝑆𝑜𝑟−𝑆𝑤𝑖 ]

(2)
(3)

2.2. POLYMER RHEOLOGY MODEL
In this study, three types of rheology models are considered including porous
media model, fracture model, and conceptual Newtonian model. Polymer rheology in the
pore-throat network type channel is fitted with the lab results from coreflooding using
5000 PPM FlopaamTM 3630, which are shown as stars in Figure 3. As discussed in
Seright et al. (2011), the apparent viscosity should be plateau at low shear rate, but the
measured results in coreflooding can be quite unstable due to the polymer throughput at
core inlet. For simplification purpose, we assume the polymer has plateau viscosity at
velocity lower than 0.192 ft/d, which is the onset of obvious shear thinning. Therefore,
the minimum effective velocity is set at 0.192 ft/d. As a simplifying assumption, polymer
rheology in fracture-like channel is same as the bulk viscosity measured using a
Brookfield DV3T concentric cylinder viscometer for a wide range of shear rate (0.5 to
200 seconds-1) at reservoir temperature 71 oF and salinity 2.5%. The lab results for
fracture rheology are shown as circles in Figure 3. The purple dash line shows the bulk
viscosity result at velocity lower than effective velocity. For consistency, the polymer
rheology in fracture-like channel at low shear rate will also be set using plateau viscosity.
The numerical fitting results are based on the lab results and applied in simulator
as rheology input. The numerical fitting results are shown as orange (rheology in porous
media) and green (rheology in fracture) smooth solid curves. The fitting methods are
based on modified Power Law model (Delshad et al. 2008; Zechner et al. 2013). The
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model equation is shown in Equation 4 where, 𝜇𝑎𝑝𝑝 is apparent viscosity and the fitting
parameters for two types of channels are shown in Table 2. The fitting of dual power law
model that contains many variables is complicated. We have to apply the variable
𝜇𝑙,𝑚𝑎𝑥 = 10 𝑎𝑛𝑑 291.2 for two models, respectively, to achieve a good fit on the
experimental data. However, this 𝜇𝑙,𝑚𝑎𝑥 is only for the final viscosity of shear thickening
term, which is used as an input in simulator. The final viscosity should also include the
shear thinning term. Simulation Models Setting: The conceptual Newtonian model is
used for validation and comparison of previous theoretical analysis. For conceptual
Newtonian model, we set polymer viscosity with constant value, which equals to polymer
plateau viscosity, in both matrix and channel.

Table 2. Power Law Model Fitting Results
Channel Type

Fracture

Shear thinning coefficient, 𝒏𝒕𝒉𝒊𝒏
Shear thickening coefficient, 𝒏𝒕𝒉𝒊𝒄𝒌
Minimum Effective Velocity, 𝒗𝒘,𝒎𝒊𝒏 ft/d
Initial Viscosity at Minimum Effective Velocity, 𝝁𝒍,𝒎𝒊𝒏 cp
Maximum Effective Velocity, 𝒗𝒘,𝒎𝒂𝒙 ft/d
Input Viscosity at Maximum Effective Velocity, 𝝁𝒍,𝒎𝒂𝒙 cp

0.291
1.01
0.192
656.56
38.50
10

Porous
Media
0.151
1.452
0.192
656.56
38.50
291.20

For porous media model, we set polymer rheology using porous media rheology
in both matrix and channel. For fracture model, we set polymer rheology using fracture
rheology in channel and using porous media rheology in matrix.
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𝜇𝑎𝑝𝑝 =

𝜇𝑙,𝑚𝑖𝑛 (𝑣

𝑣𝑤

𝑤,𝑚𝑖𝑛

{

𝑛𝑡ℎ𝑖𝑛 −1

)

+ 𝜇𝑙,𝑚𝑎𝑥 (𝑣

𝑣𝑤

𝑤,𝑚𝑎𝑥

)

𝑛𝑡ℎ𝑖𝑐𝑘 −1

𝜇𝑙,𝑚𝑖𝑛
𝜇𝑙,𝑚𝑎𝑥

, 𝑣𝑙𝑜𝑤 ≤ 𝑣𝑤 ≤ 𝑣ℎ𝑖𝑔ℎ
, 𝑣𝑤 < 𝑣𝑙𝑜𝑤
, 𝑣𝑤 > 𝑣ℎ𝑖𝑔ℎ

(4)
}

Figure 3. Rheology Model Input for Porous Media and Fracture and the Numerical
Fitting Results

2.3. RESIDUAL RESISTANCE FACTOR MODEL
To mimic the plugging performance of formed gel in different permeability rocks,
we developed an Frr model as a function of water effective permeability based on the
experimental data published by Seright (2002), who investigated the post-gel Kw of
Cr(III)-acetate-HPAM treatment in rocks with a wide range of permeabilities. We
collected their experimental results and calculated the Frrw as shown in Figure 4. The
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relationship between kw before gel and Frrw was well fitted by a power law model. With
the increase of the effective water permeability, the Frr will increase exponentially. For
our base case, the 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, low K = 1245, and high K = 1.245E+5. Thus, the
KW for low K region is 373.5 and that for high K region is 3.735E+4. With the fitted
equation 𝑦 = 15.439 ∗ 𝑥 0.8252, we can calculate the Frr for matrix is 2047 and for
channel is 91553. Besides, we only consider residual resistance factor (Frr) to the water
permeability (Frr=Frrw and Frro=1). As a comparison, we applied both constant Frr and
permeability dependent Frr in the sensitivity studies.

Figure 4. Experimental Results after Gel Treatment (Calculated Kw and Frrw results and
fitted power law model. Original data cited from Seright, 2002)

3. ASSUMPTIONS

To reduce numerical complexity, we have some assumptions for the feasibility
and accuracy of this study:
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Polymer adsorption rate is constant and related to aqueous phase polymer
concentration. A Langmuir model (Equation 5) is applied. The permeability reduction
(RKW) is linearly related to the adsorbed concentration of polymer and Frr (Stavland et
al., 1994) (Equation 6). We assume all polymers can be adsorbed so that the ADMAXT
equals to polymer concentration. In Equation 6, the permeability reduction 𝑅𝐾𝑊 is the
actual model parameter that is related to the fraction of adsorbed concentration in the grid
𝐶𝑎𝑑𝑠 to the maximum adsorption capacity in the grid 𝐴𝐷𝑀𝐴𝑋𝑇. 𝐹𝑟𝑟 is an input in the
simulator that equals to RKW when 𝐶𝑎𝑑𝑠 = 𝐴𝐷𝑀𝐴𝑋𝑇, and when 𝐶𝑎𝑑𝑠 < 𝐴𝐷𝑀𝐴𝑋𝑇,
𝑅𝐾𝑊 is calculated using Equation 6.
𝐶𝑝

𝐶𝑎𝑑𝑠 = (𝑡𝑎𝑑1 + 𝑡𝑎𝑑2 ∗ 𝐶𝑠𝑎𝑙 ) ∗ 1+𝑡𝑎𝑑3∗𝐶

𝑝

(5)

where, 𝐶𝑎𝑑𝑠 is adsorbed concentration of polymer, 𝐶𝑠𝑎𝑙 is salinity, 𝐶𝑝 aqueous phase
polymer concentration, 𝑡𝑎𝑑1, 𝑡𝑎𝑑2 𝑎𝑛𝑑 𝑡𝑎𝑑3 are model input.
𝐶

𝑎𝑑𝑠
𝑅𝐾𝑊 = 1 + 𝐴𝐷𝑀𝐴𝑋𝑇
∗ (𝐹𝑟𝑟 − 1)

(6)

where, 𝐴𝐷𝑀𝐴𝑋𝑇 is the adsorption capacity.
Adsorption is the only mechanism accounting for gel retention. After gel retained,
no restart or desorption was considered.
No chromatographic effect is considered. No degradation for polymer and
retained gel is considered.
No gelation occurs during gelant injection. We assume no gel is formed during
gelant injection (Frr=1), and gel is fully formed during post water flooding (Frr model
applied). We consider apparent viscosity in calculating mobility of aqueous gelant
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(𝑀𝑔𝑒𝑙𝑎𝑛𝑡 ) using Equation 7, and Frr in calculating mobility of post water flooding
(𝑀𝑝𝑜𝑠𝑡 𝑤𝑎𝑡𝑒𝑟 ) using Equation 8.
𝐾𝑟𝑤

𝑀𝑔𝑒𝑙𝑎𝑛𝑡 = 𝐾 ∗ 𝜇

(7)

𝑎𝑝𝑝

𝐾

𝑀𝑝𝑜𝑠𝑡 𝑤𝑎𝑡𝑒𝑟 = 𝐹𝑟𝑟 ∗

𝐾𝑟𝑤
𝜇𝑤

(8)

where, 𝐾 is absolute permeability and 𝐾𝑟𝑤 is relative permeability of water.

4. EVALUATION OF GEL TREATMENT RESULTS

To evaluate the effectiveness of near-wellbore, injector gel treatment, the damage
in low K region and the profile improvement are two critical factors (Liu et al., 2010;
Seright, 2003; Bai et al, 2013). In this paper, we used the degree of penetration and
profile improvement as two objective functions for gel treatment evaluation.

4.1. DEGREE OF PENETRATION
For a gel treatment, damage to the low K region is not preferred. Considering the
same Frr and penetration depth in the high K region, the less depth gelant penetrates into
low K region, the less possible damage will be kept in low K region after treatment.
Thus, estimation of how deeply the gelant can penetrate to the low K region is critical to
the effectiveness of conformance control. The degree of penetration can be represented as
the fractional distance that gelant penetrates into low K region 𝐿1 when the gelant
reaches a pre-determined distance 𝐿2 in high K region (Seright, 1988 & 1991). The
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theoretical calculation for degree of gel penetration was derived by Seright (1988) as
shown in Equation 9.
𝐿1

=
𝐿2

∅ 𝐾
(1+(𝐹𝑟 2 −1) 1 1 )
∅2 𝐾2

0.5

−1

𝐹𝑟−1

(9)

where, ∅ is porosity, 𝐾 is permeability, 𝐹𝑟 is resistance factor, subscripts 1 and 2 refer to
region number.
For feasibility, previous theoretical studies allowed gelant to reach the outlet of
high K region and measured the penetration 𝐿1 in low K region (Seright, 1991). In our
conceptual model, we also assume the 𝐿2 equals to the length of high K region. An
illustration for degree of penetration is shown in Figure 5. The color shows the
concentration of polymer. In this study, we select the polymer front (𝐿1) for calculation
of penetration in low K region when the polymer front (𝐿2) breakthroughs in high K
region.

Figure 5. Illustration of Degree of Penetration using Polymer Concentration Distribution
(The color indicates concentration. The legend is shown on the right-hand side)
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4.2. INJECTION PROFILE IMPROVEMENT
The injection profile is commonly used to determine the channel location and
channeling severity (Hughes et al., 1990). The profile accounts for the flow fraction to
each region. The injection profile results can describe the near wellbore fluid flow
conformance before and after gel treatment. For example, the profile results before and
after gel treatment for the case with oil viscosity 10 cp and constant Frr 10 is shown in
Figure 6. The percentage in each layer represents the fraction of water that flows from the
wellbore to this region. As shown in Figure 6, before gel treatment, 0.582% of fluid
(water) flows into low K region, while 99.418% flows into high K region.
The profile improvement is denoted as the difference in injection profile before
and after gel treatment, which can be calculated by the absolute difference of low K layer
before and after gel. For example, Figure 6 shows the profile improvement equals to
1.9% as the increase of water intake in low K region to 2.49% after gel treatment from
that of 0.58% before gel treatment.

Figure 6. Injection Profile before and after Gel Treatment
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4.3. FACTORS INFLUENCING GEL TREATMENT FOR CONFORMANCE
CONTROL
We consider five factors influencing the gel treatment in this study, including oil
viscosity (𝜇𝑜 ), water relative permeability end point (𝐾𝑟𝑤@𝑆𝑜𝑟), permeability ratio (K
ratio), water cut (WC) and equivalent channel water velocity (𝑉𝑐). The ranges are listed
in Table 3. One-at-a-time method is used to investigate the sensitivity of single factor
effect on gel treatment. The base case contains 𝜇𝑜 =10 cp and medium value of other
factors.

Table 3. Ranges of Influencing Factors Considered in the Simulation Study
Factors
𝝁𝒐 , cp
𝑲𝒓𝒘@𝑺𝒐𝒓
K Ratio
WC, %
𝑽𝒄, ft/d

Minimum
1
0.1
10
70
0.77

Medium
10, 50, 300
0.3
100
90
8.17

Maximum
1000
1
500
95
27.45

5. SIMULATION RESULTS

5.1. VALIDATION WITH THE THEORETICAL CALCULATION
To compare our model results with theoretical calculation in degree of
penetration, we conducted a set of one-phase flow simulation model with wide range of
K ratio from 10 to 500. Conceptual Newtonian model is applied in this validation. A wide
range of polymer initial viscosity from 1 to 1,000 has been investigated. The gelant
degree of penetration results are shown in Figure 7. The lower degree of penetration
indicated that the less damage occurred in the low K matrix. The blue color shows the
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results of K ratio=10; the orange color shows the results of K ratio=100; and the grey
color shows the results of K ratio=500. The theoretical calculations are given by Equation
9 and shown as solid curves in Figure 7. Due to numerical and chemical dispersion that
commonly exist in simulation using compositional model, selecting different
concentration of polymer front can influence the result of gelant penetration. The results
show that the polymer very front (the first grid that polymer concentration is greater than
zero) has a good match (‘diamond’ markers) with the theoretical calculations (solid
curves).

Figure 7. Gel Penetration without Oil

5.2. EFFECT OF OIL VISCOSITY ON GEL TREATMENT
The results of gel penetration with oil viscosity from 1 to 1000 (1, 10, 50, 300,
1000) are shown in Figure 8. The degree of penetration is decreasing with increasing oil
viscosity for all of three models. The gelant can perform lower degree of penetration in
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the fracture model than that in porous media model. The Newtonian model case shows
the worst result.

Figure 8. Degree of Penetration Considering Rheology in Channel and Oil Viscosity
(Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC = 90%, 𝑉𝑐 = 8.17
ft/d)

The corresponding profile improvement results are shown in Figure 9. The
green/dark blue/yellow dash line show the profile improvement results using Newtonian
rheology model with Frr = 10/100/1000; the blue line shows profile improvement results
using the Newtonian rheology with experimental Frr; the orange line shows that in the
porous media channel model with experimental Frr; and the grey line shows that in the
fracture channel model with experimental Frr. Compared with constant Frr, the rock
dependent experimental Frr is more effective in terms of profile modification. With full
range of oil viscosity, the gel treatments in fracture-like channel model show greatest
improvement of profile compared with that in other two types of models.
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Figure 9. Profile Improvement Result Influenced by Oil Viscosity, Channel Type and Frr
(Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC = 90%, 𝑉𝑐 = 8.17
ft/d)

5.3. EFFECT OF RELATIVE PERMEABILITY END POINT ON GEL
TREATMENT
The end point of relative permeability curve, 𝐾𝑟𝑤@𝑆𝑜𝑟, can influence the water
relative permeability, especially when the grid contains mostly water (Sw close to 1-Sor).
Thus, We tested gel treatment in formations with different relative permeability end
points (the other parameters in Corey’s Law keeping unchanged). The gel treatment
results in terms of placement and profile control are shown in Figure 10 plot (a)&(b). The
velocity and apparent viscosity during gelant injection are shown in Figure 10 plot (c). In
Figure 10, plot (a) showed that the degree of penetration decreased with increasing the
𝐾𝑟𝑤@𝑆𝑜𝑟 for fracture model but did not change significantly for porous media model.
The profile improvements in plot (b) showed that with increasing 𝐾𝑟𝑤@𝑆𝑜𝑟, the
improvement increased for both fracture model and porous media model.
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(a)

(b)

(c)
Figure 10. Effect of Relative Permeability End Point on Gel Treatment.

The apparent viscosities during gelant injections for three different 𝐾𝑟𝑤@𝑆𝑜𝑟
(0.1, 0.3 and 1) are shown in plot (c). (a) Effect on Gelant Penetration; (b) Effect on
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Conformance Control; (c) Illustration of Gelant Injection Velocity and Corresponding
Apparent Viscosity (The gelant apparent viscosities using porous media model are
denoted using triangles: outlined triangles mark matrix results and solid triangles mark
channel results. The gelant apparent viscosities using fracture model are denoted using
rectangles: outlined rectangles mark matrix results and solid rectangles mark channel
results. Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC = 90%, 𝑉𝑐 =
8.17 ft/d).

5.4. EFFECT OF K RATIO ON GEL TREATMENT
Increasing K ratio will increase channel velocity and decrease matrix velocity,
which will increase the difference of channel and matrix velocity. Thus, this factor will
influence the gelant placement. The results of placement and profile control results are
shown in Figure 11 plot (a)&(b). The velocity and apparent viscosity during gelant
injection are shown in Figure 11 plot (c). (a) Effect on Gelant Penetration; (b) Effect on
Conformance Control; (c) Illustration of Gelant Injection Velocity and Corresponding
Apparent Viscosity (The gelant apparent viscosities using porous media model are
denoted using triangles: outlined triangles mark matrix results and solid triangles mark
channel results. The gelant apparent viscosities using fracture model are denoted using
rectangles: outlined rectangles mark matrix results and solid rectangles mark channel
results. Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC = 90%, 𝑉𝑐 =
8.17 ft/d)
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(a)

(b)

(c)
Figure 11. Effect of K Ratio on Gel Treatment.
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5.5. EFFECT OF INITIATION WATER CUT ON GEL TREATMENT
Initiation water cut refers to the water cut when a gel treatment is being executed.
The placement and profile control results with different initiation water cut are shown in
Figure 12 plot (a)&(b) (a. Gelant penetration results and b. Profile improvement results
after gel treatment. Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC =
90%, 𝑉𝑐 = 8.17 ft/d). The blue curves show the results of fracture model and orange
curves show the results of porous media model. The results show that the degree of
penetration is insensitive to initiation water cut for both models. The late time gel
treatment with high initiation water cut provides less profile improvement than early time
gel treatment with low initiation water cut for both models. However, the differences are
very limited.

(a)

(b)

Figure 12. Gel Treatment Results Influenced By Initiation Water Cut

5.6. EFFECT OF CHANNEL FLOW VELOCITY ON GEL TREATMENT
During gelant placement, the flow velocity varies from wellbore to the far field.
Near wellbore, the flow velocity is commonly very high which may influence the gel
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placement. However, it is not feasible to examine the effect of velocity directly since it is
dynamically influenced by local formation properties, saturation, rheology model and
flow regime. Therefore, we considered three cases with different injection rate to mimic
the situation with low, medium and high flow velocity in channels. The three cases were
set with the injection rates of 15 bpd, 150 bpd and 500 bpd, which can convert to the
equivalent velocities in channel (fracture model) at 0.77, 8.17 and 27.45 ft/d. The gel
treatment results are shown in Figure 13 plot (a)&(b). The velocity and apparent viscosity
during gelant injection are shown in Figure 13 plot (c). (a) Effect on Gelant Penetration;
(b) Effect on Conformance Control; (c) Illustration of Gelant Injection Velocity and
Corresponding Apparent Viscosity (The gelant apparent viscosities using porous media
model are denoted using triangles: outlined triangles mark matrix results and solid
triangles mark channel results. The gelant apparent viscosities using fracture model are
denoted using rectangles: outlined rectangles mark matrix results and solid rectangles
mark channel results. Base case includes 𝜇𝑜 =10cp, 𝐾𝑟𝑤@𝑆𝑜𝑟 = 0.3, K ratio = 100, WC
= 90%, 𝑉𝑐 = 8.17 ft/d)
The degree of penetration for fracture model decreases with channel flow velocity
increase but for porous media decreases first then increases greatly with channel flow
velocity increase. The profile control results show that the profile improvement of porous
media model increases first and decreases with increasing channel flow velocity. The
profile control result of fracture model only increases with increasing channel flow
velocity.
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(a)

(b)

(c)
Figure 13. Effect of Channel Velocity on Gel Treatment.
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5.7. PROFILE COMPARISONS BEFORE AND AFTER GEL TREATMENT
We summarized the injection profile for each case of fracture (a) and porous
media (b) type channel in Table 4. We applied the blue colored bars to represent the
fraction of injection capacity in matrix and channel. The numerical values are also
marked in the cells.

Table 4. Injection Profile Results before and after Gel Treatment (a) Fracture Type
Channel; (b) Porous Media Type Channel
Porous Media Type Channel Profile Results

Fracture Type Channel Profile Results
Profile
Time
Before
Gel

Factors
Oil
Viscosity

Krw@Sor

K Ratio

Initiation
Water Cut

Channel
Velocity

Profile
Time
Before
Gel

3.63%
96.37%

Base
Case
0.58%
99.42%

0.06%
99.94%

Low K
High K

50.95%
49.05%

51.94%
48.06%

86.06%
13.94%

Before
Gel

Low K
High K

1.02%
98.98%

0.58%
99.42%

0.62%
99.38%

After Gel

Low K
High K

47.94%
52.06%

51.94%
48.06%

54.16%
45.84%

Before
Gel

Low K
High K

5.19%
94.81%

0.58%
99.42%

0.11%
99.89%

After Gel

Low K
High K

46.54%
53.46%

51.94%
48.06%

72.45%
27.55%

Low K
High K

0.73%
99.27%

0.58%
99.42%

0.50%
99.50%

Low K
High K

52.18%
47.82%

51.94%
48.06%

51.03%
48.97%

Before
Gel

Low K
High K

0.58%
99.42%

0.58%
99.42%

0.58%
99.42%

After Gel

Low K
High K

49.52%
50.48%

51.94%
48.06%

39.42%
60.58%

Layer

Min

Low K
High K

3.63%
96.37%

Base
Case
0.58%
99.42%

After Gel

Low K
High K

64.12%
35.88%

65.78%
34.22%

95.16%
4.84%

Before
Gel

Low K
High K

1.02%
98.98%

0.58%
99.42%

0.62%
99.38%

After Gel

Low K
High K

61.73%
38.27%

65.78%
34.22%

72.54%
27.46%

Before
Gel

Low K
High K

5.19%
94.81%

0.58%
99.42%

0.11%
99.89%

After Gel

Low K
High K

49.86%
50.14%

65.78%
34.22%

88.72%
11.28%

Before
Gel

Low K
High K

0.73%
99.27%

0.58%
99.42%

0.50%
99.50%

After Gel

Low K
High K

67.49%
32.51%

65.78%
34.22%

Before
Gel
Initiation
62.05% Water Cut
After Gel
37.95%

Before
Gel

Low K
High K

0.58%
99.42%

0.58%
99.42%

0.58%
99.42%

After Gel

Low K
High K

49.36%
50.64%

65.78%
34.22%

75.87%
24.13%

(a)

Max
0.06%
99.94%

Factors
Oil
Viscosity

Krw@Sor

K Ratio

Channel
Velocity

Layer

Min

Low K
High K

After Gel

Max

(b)

6. MULTI-FACTOR ANALYSIS ON INFLUENCING FACTORS

In this section, we employ the machine learning with regression to test the
significance of the factors, and the effect estimation to rank the influence of the factors.

205
6.1. REGRESSION LEARNING
Machine learning using regression is a widely used method to find the
relationship between independent variables and dependent variables for multi-factor
analysis. Using this method, we can evaluate the significance of each independent
variable on the dependent variable. Through single factor analysis, we found the
relationships between some independent and dependent variables were not linear. Thus, a
standardized pure second order regression model was considered and established. The
general form of the multiple linear regression model is shown in Equation 10.
𝑦 = 𝛽0 + 𝛽𝑖 𝑥𝑖 + 𝛽𝑗 𝑥𝑖2 + 𝜀

(10)

where 𝑦 is dependent variable, which in this study is profile improvement. 𝑥𝑖 (𝑖 = 1,2, …)
are independent variables. 𝛽𝑖 (𝑖 = 1,2, …) are regression coefficients of first order term
and 𝛽𝑗 (𝑗 = 1,2, …) are regression coefficients of second order term. 𝜀 is the random error.
𝛽0 is the intercept on 𝑦 − 𝑎𝑥𝑖𝑠.
The estimated coefficients are unbiased if certain underlying assumptions are
satisfied, such as the error terms having a constant variance and normal distribution. In
statistics, the coefficient of determination (𝑅 2 ) provides the information of the goodness
of fit of a model. The 𝑅 2 is defined as in Equation 11. A regression model which has an
𝑅 2 of 1 indicates all the data fit the regression line. The p-value for each independent
variable tests the null hypothesis that the variable has no correlation with the dependent
variable. A statistically significant test result (P ≤ 0.05) means that the test hypothesis is
false or should be rejected. A P value greater than 0.05 means that no effect was
observed. The p-values for the coefficients indicate whether these relationships are
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statistically significant. The lower the p-value, the greater the statistical significance of
the observed difference.
𝑆𝑆𝑅

∑(𝑦̂ −𝑦 )2

𝑅 2 = 𝑆𝑆𝑇 = ∑(𝑦𝑖 −𝑦𝑖 )2
𝑖

𝑖

(11)

where, 𝑆𝑆𝑅 is the regression sum of squares, 𝑆𝑆𝑇 is the total sum of squares, 𝑦𝑖 is the
mean value, 𝑦̂𝑖 is the fitted value, and 𝑦𝑖 is the observation value.
Tables 5 and 6 list the results of regression for fracture model and porous media
model, with the fitting R-squares 0.917 and 0.958, respectively. The fitting result shows a
good quality with pure quadratic regression.
𝑦𝑓 = −3.5524 + 0.001225𝑥1 + 9.0781𝑥2 + 0.001861𝑥3
+0.51862𝑥4 + 0.003089𝑥5 − 9.46𝐸 −07 𝑥12 − 5.6283𝑥22
−2.55𝐸 −06 𝑥32 − 0.35822𝑥42 − 4.30𝐸 −06 𝑥52

(12)

Table 5. Pure Quadratic Regression Result of Profile Control using Fracture Model
Coefficient 𝜷
SE
P Value
-4.3852
3.9594
0.31048
(Intercept)
0.0011653
0.00034951
0.015725
𝑶𝒊𝒍 𝑽𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 (𝒙𝟏)
11.033
9.7768
0.30222
𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝑾𝒂𝒕𝒆𝒓 𝑪𝒖𝒕 (𝒙𝟐)
0.036184
0.013022 0.032053
𝑪𝒉𝒂𝒏𝒏𝒆𝒍 𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚 (𝒙𝟑)
0.61169
0.52034
0.2843
𝑲𝒓𝒘@𝑺𝒐𝒓 (𝒙𝟒)
0.0032571 0.00097161 0.015375
𝑲 𝑹𝒂𝒕𝒊𝒐 (𝒙𝟓)
𝟐 (𝒙𝟏𝟐 )
-8.99E-07
3.49E-07
0.042253
𝑶𝒊𝒍 𝑽𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚
𝟐 (𝒙𝟐𝟐 )
-6.8129
6.0278
0.30153
𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝑾𝒂𝒕𝒆𝒓 𝑪𝒖𝒕
𝟐 (𝒙𝟑𝟐 )
-0.00093003 0.00040134 0.059667
𝑪𝒉𝒂𝒏𝒏𝒆𝒍 𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚
𝟐 (𝒙𝟒𝟐 )
-0.44283
0.42383
0.33635
𝑲𝒓𝒘@𝑺𝒐𝒓
𝟐 (𝒙𝟓𝟐 )
-4.63E-06
1.69E-06
0.034145
𝑲 𝑹𝒂𝒕𝒊𝒐

The tables also list the variables’ coefficients, standard error of the coefficients
(SE), and p-value that shows whether the factor is related to the dependent variable. The
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fitted result for the regression model is shown in Equation 12 for fracture model and
Equation 13 for porous media model, where 𝑦𝑓 and 𝑦𝑝𝑚 are the predicted profile
improvement.
𝑦𝑝𝑚 = −3.1393 + 0.001493𝑥1 + 8.8835𝑥2 − 0.0008𝑥3
+0.073703𝑥4 + 0.001675𝑥5 − 1.11𝐸 −06 𝑥12 − 5.4063𝑥22
+8.22𝐸 −07 𝑥32 + 0.034704𝑥42 − 2.12𝐸 −06 𝑥52

(13)

Table 6. Pure Quadratic Regression Result of Profile Control using Porous Media Model
Coefficient
SE
P Value
-4.1157
2.8914
0.20447
(Intercept)
0.0014366
0.00025523
0.001345
𝑶𝒊𝒍 𝑽𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 (𝒙𝟏)
10.733
7.1396
0.18346
𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝑾𝒂𝒕𝒆𝒓 𝑪𝒖𝒕 (𝒙𝟐)
0.018184
0.0095094
0.10438
𝑪𝒉𝒂𝒏𝒏𝒆𝒍 𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚 (𝒙𝟑)
0.17751
0.37998
0.65687
𝑲𝒓𝒘@𝑺𝒐𝒓 (𝒙𝟒)
0.0018336 0.00070952 0.041531
𝑲 𝑹𝒂𝒕𝒊𝒐 (𝒙𝟓)
𝟐 (𝒙𝟏𝟐 )
-1.07E-06
2.55E-07
0.0057336
𝑶𝒊𝒍 𝑽𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚
𝟐 (𝒙𝟐𝟐 )
-6.5271
4.4019
0.18865
𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝑾𝒂𝒕𝒆𝒓 𝑪𝒖𝒕
𝟐 (𝒙𝟑𝟐 )
-0.00077842 0.00029308 0.037725
𝑪𝒉𝒂𝒏𝒏𝒆𝒍 𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚
𝟐 (𝒙𝟒𝟐 )
-0.084721
0.3095
0.79347
𝑲𝒓𝒘@𝑺𝒐𝒓
𝟐 (𝒙𝟓𝟐 )
-2.43E-06
1.24E-06
0.097548
𝑲 𝑹𝒂𝒕𝒊𝒐

6.2. EFFECT ESTIMATE
A tornado plot is a visual tool to provide a qualitative and quantitative effect
estimation of independent variables on dependent variable. The results are based on the
prediction model of multi-factor linear regression. The bar lengths denote the variation of
dependent variable by changing each independent variable from minimum value to
maximum value. The effect estimate results for fracture model (a) and porous media
model (b) are shown in Figure 14.
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a.

b.

Figure 14. Factor Effect Estimate on Profile Improvement. (a. Gel Treatment using
Fracture Model; b. Gel Treatment using Porous Media Model)

7. DISCUSSION

Comparison with Previous Analytical Calculations: As shown in Figure 7, with
increasing resistance factor, the degree of gel penetration into matrix increased, which
indicated possibly more damage made to low K region. The viscosity of polymer solution
needed to be quite low (approximately as water viscosity) to ensure a same degree of
penetration (degree of penetration lower than 1/100) as water flooding. This is consistent
with previous analytical results (Seright, 1991). However, when considering the twophase flow with oil in the model, the result can be quite different. As shown in Figure 8,
with increasing oil viscosity, the degree of penetration decreases dramatically. When oil
viscosity is higher than 300 cp, our results showed that the gelant placement in fracture
channel model provided less degree of penetration than water (1/100), which showed
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great potential of gel treatment in heavy or viscous oil reservoir with fracture-like
channels.
Our results of gel treatments using constant Frr model showed very unsuccessful
in profile control as shown in Figure 9 with dash lines. These results were consistent with
previous results of analytical calculation (Seright, 1988 & 1991) that gel treatment is
commonly not effective to improve the injection profile if zonal isolation is not available.
Our results of gel treatments using permeability dependent Frr show great differences
from those using constant Frr. As shown with solid lines in Figure 9, all cases show at
least 40% of profile improvement, and the gel treatment cases in fracture models show at
least 60% of profile improvement. With increasing oil viscosity, these results of profile
improvement increase and the cases in fracture models always show the best results.
Consequently, the analytical calculations with constant Frr and conceptual Newtonian
model may underestimate the profile improvement result of gel treatment.
Oil Viscosity: Seright et al. (2012) compared in-situ gel treatment with polymer
flooding and concluded that the in-situ gel treatment is suggested only for relatively low
oil viscosities. Their results were based on the long-term oil recovery of analytical
analysis with relatively low K ratio (e.g., <10 folds). In fact, for gel treatment in severe
heterogeneous reservoir, the short-term effect on conformance control is more attractive
than long-term oil recovery. As shown in Figure 8&9, our results indicate that the gel
treatment can benefit more from the reservoirs with the higher oil viscosity. The reason is
that the oil viscosity influences the mobility ratio of water flooding and the sweep at time
of gel treatment. The higher viscosity of oil means the higher mobility ratio and the less
uniform of waterfront, which will greatly decrease the volume swept by water in low K
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region. For instance, the water saturation distributions along the model length (case: 𝜇𝑜 =1
cp, 𝜇𝑜 =10 cp and 𝜇𝑜 =300 cp) of low K regions are shown in Figure 7. The x-axis shows
the distance from injector and y-axis shows the water saturation. As shown in the Figure
7, at the same water cut 90%, the higher oil viscosity, the lower water saturation near
wellbore in low K region. As a result, when initiating gelant injection in reservoirs with
high oil viscosity, the water effective permeability is relatively small in low K region due
to low water saturation near wellbore. Moreover, because the water effective
permeability relates to the water saturation, the mobility contrast (mobility in high K
region divided by mobility in low K region) of driving phase in low K region can be
significantly greater than absolute permeability ratio. As a result, more gelant is injected
into high K region due to higher oil viscosity, which benefits the gelant placement and
profile improvement.

Figure 15. Low K Sector Sweep Results of Water Flooding before Gel Treatment
Influenced by Increasing Oil Viscosity

In fact, this result is also consistent with the previous experience by Sydansk &
Seright (2006) that the gel treatment could be effective when low K strata was barely
developed.
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Effect of Relative Permeability End Point: As shown in Figure 10, the treatment
results can be influenced by the end point of relative permeability curve 𝐾𝑟𝑤@𝑆𝑜𝑟.
Because the 𝑆𝑤 in high K region is close to 1-𝑆𝑜𝑟 at the time of gel treatment, the water
effective permeability was sensitive to the 𝐾𝑟𝑤@𝑆𝑜𝑟. Thus, when increasing the
𝐾𝑟𝑤@𝑆𝑜𝑟, the effective water permeability at time of gelant injection increased. As a
result, the velocity at high K region increased, which was shown in Figure 10 plot (c). On
the other hand, the low K region had less free water and the water saturation was close to
initial condition, where the influence of 𝐾𝑟𝑤 end point was very limited. Thus, with
increasing velocity in high K region, the velocity in low K region decreased. For the
shear thinning rheology period, this induced higher apparent viscosity in matrix and
lower apparent viscosity in channel. Because the gelant mobility is reversely related to
apparent viscosity, the higher apparent viscosity, the lower mobility, which indicates
higher resistance to mobilize the gelant. Based on this analysis, we could understand the
results in Figure 10 plot (a). For gel treatment in fracture model, when 𝐾𝑟𝑤@𝑆𝑜𝑟
increased, the channel apparent viscosity decreased but matrix apparent viscosity
increased. Thus, the degree of penetration decreased. But for porous media model, the
channel velocities fell at the shear thickening period of rheology curve, which meant
increasing velocity could increase the apparent viscosity. Although the velocity increase
in channel rose up the resistance, the decrease in matrix also rose up the resistance. Thus,
the degree of penetration for gel treatment in porous media model only decreased a little.
The reduction was because of the viscosity increase in matrix was faster (outlined
triangles in Figure 10 plot (c)) than that in channel (solid triangles in Figure 10 plot (c)).
Besides, with higher 𝐾𝑟𝑤@𝑆𝑜𝑟, the less contribution from degree of penetration to the
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increase of profile improvement, but the increase for gel treatment in porous media model
was much smaller than that in fracture model.
Effect of K Ratio: Comparing results in Figure 11 plot (a), we observed a great
drop in degree of penetration with K ratio from 10 to 100, but a small drop with K ratio
from 100 to 500, especially for fracture model. The reason was that with different K ratio,
the velocity changes in channel did not induce significant apparent viscosity
modifications. On the other hand, the velocity changes in matrix induced great
differences due to the log scale relationship between velocity and apparent viscosity.
Therefore, increasing K ratio could benefit both porous media model and fracture model.
Additionally, when K ratio increased to 500, the velocity in matrix decreased to the value
lower than our effective minimum velocity and the plateau viscosity was applied. As a
result, the benefit from matrix resistance increase was limited in our simulation when
velocity was decreased to an ultralow level.
Effect of Initiation Water Cut: The results in Figure 12 indicated that the gel
treatment could benefit more in fracture model than in porous media model in terms of
less degree of penetration (in plot (a)) and more profile improvement (in plot (b)). The
initiation water cut was quite insensitive to the gelant penetration. The little reduction for
profile improvement of fracture model might result from the formation damage at low K
region due to reduced concentration tail when gel treatment at 95% water cut. At high
water cut such as 95%, water saturation at low K region was higher than that at lower
water cut. Therefore, the gelant slug had a shorter concentration tail and more uniform
front. Consequently, though the polymer front was not changed much with increasing
initiation water cut, it was still reasonable to observe a reduction for profile improvement

213
due to more gelant that penetrated to the low K region. Based on the results, it is
suggested that the later gel treatment (at higher water cut) might decrease the
effectiveness of gel treatment and early gel treatment would provide better results in both
types of channels.
Effect of Channel Velocity: Based on our results, with low channel velocity, such
as case 1 with 0.77 ft/d, the velocities for both models fell at shear thinning period
(shown in Figure 13 plot (c)). Thus, the degree of penetration and profile improvement
results had limited differences between gel treatments in two models. With medium to
high channel velocity, such as case 2 with 8.17 and case 3 with 27.45 ft/d, the differences
between gel treatments in two models were increased greatly. Figure 13 plot (c) showed
that the increase in matrix velocity did not change the rheology response, which was still
in the range of shear thinning. Thus, the gelant injection for both models experienced
lower resistance with increasing channel velocity. In channel, the increased velocity of
gelant injection in porous media model fell at shear thickening period, but that in fracture
model still fell at shear thinning period. Consequently, in porous media model, gelant
injection with medium to high channel velocity experienced high resistance in channel.
On the other hand, in fracture model, gelant injection only experienced decreasing
resistance in channel with increasing channel velocity. Therefore, in porous media model,
the gelant penetrated deeper in matrix and resulted in more damage than that in fracture
model. Thus, for reservoirs with severe water channels where flow velocity is very high,
gel treatment in fracture model can be more beneficial than that in porous media model.
Multi-factor Analysis: For single factor analysis above, it is very difficult to
conclude which factor is most important. Therefore, we conducted the linear regression
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and effect estimation using tornado plot to visualize the factor influence ranking. As
shown in Table 5 and Table 6, the third column P-value is the most concerned results for
our analysis. When P-value ≤ 0.05, it means this factor is strongly influencing the
dependent variable. In fracture model, it was observed that the oil viscosity, the channel
velocity, and the K ratio strongly influenced the profile improvement. In porous media
model, oil viscosity and K ratio strongly influenced the profile improvement. The tornado
charts in Figure 14 represent the variation (fraction in percentage) of profile improvement
can be made by changing each factor in given range. In Figure 14 plot (a), the K ratio
showed the most impact and the initiation water cut showed the negative impact on
profile improvement for gel treatment in fracture model. In Figure 14 plot (b), the oil
viscosity showed the most impact; both the initiation water cut, and the channel velocity
showed negative effects on profile improvement for gel treatment in porous media model.
Thus, increasing oil viscosity and K ratio had strong positive influences on conformance
control results, which suggested more potential success of in-situ gel treatment in heavy
or viscous oil and severe heterogeneous reservoirs. With comparison of effect estimation
between Figure 14 plot (a)&(b), we can conclude that the channel velocity played a very
significant role in diverging the results of using two different models. With increasing
channel velocity, the difference in gel performances between fracture model and porous
media model could be increased over 35%.
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8. CONSIDERATIONS CONNECTING LAB TO FIELD APPLICATIONS

Above results have shown that the fracture type channel model can benefit the gel
treatment more than porous media type channel model when we carry out simulation.
Moreover, in the reservoirs with high oil viscosity and high K ratio, the gelant placement
and profile improvement can be improved greatly. As the unknown reviewer who is
definitely highly expertise in polymer flooding visualized and commented for us, the
model without crossflow could be practical only when the reservoir has a naturally
existing fault, the high perm zone formed during completion or injection phases caused
by high rates, or the reservoirs with Void Space Conduits (VSC) feature formed by
CHOP process and water flooding through loose sand formation. To understand whether
the crossflow (or called leakoff from matrix surface) and high/low K region width ratio
will lead to poor results in practical applications, we conducted a few more simulation
studies with varied crossflows and varied high K region widths. By comparing these
additional cases with the optimal case (oil viscosity 1000 cp, K ratio 500, Krw@Sor 0.3,
WC 90%, relative channel width 50%, and no crossflow), we can examine how the
crossflow and fracture width influence gelant placement and profile improvement, and
whether our previous conclusions still apply.

8.1. EFFECT OF CROSSFLOW ON PENETRATION
For crossflow, we considered three cases including zero crossflow, 10% of
crossflow (KJ/KI = 0.1), 100% of crossflow (KJ/KI = 1). To consider the gelant
penetration from fracture to matrix, we refined the grids on J direction in matrix to 10
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slabs shown in Figure 16 (J direction contains 1 channel grid and 10 matrix grids, I
direction contains 1000 grids but only shows 100 grids for visualization, Vertical K
direction still contains 1 grid).
The polymer concentration distribution results after placement are shown in Figure
17. As shown in the Figure 17, with crossflow, the gelant penetrated from high K region to
low K region inevitably.

Figure 16. Illustration of Crossflow Case Model

But with increasing crossflow from 0.1 to 1, no significant invasion increase of
gelant from high K to low K region was observed. Because the crossflow between the
adjacent regions was calculated using the matrix KI, for severe heterogeneous reservoir,
even though the crossflow existed, the permeability in J direction from high K region to
low K region was much smaller than that in I direction of high K region. Besides, due to
severe channeling, after water flooding (at time of gel treatment), the matrix adjacent to
the channel contained approximate 100% oil. The gelant crossflow from channel to
matrix could be largely decreased due to low water saturation and low water relative
permeability. Thus, the gelant invasion to the matrix was very limited and was insensitive
to the increase of crossflow.
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The result of degree of penetration is shown in Figure 18a. The detailed polymer
concentration distributions from injector to producer in matrix grids are shown in Figure
18b. The result showed that the polymer front in matrix was insensitive to the crossflow.
Although there was difference between polymer concentration tails with different
crossflows, the difference was very small. Thus, the increase of crossflow did not
influence the gelant penetration from injector to matrix (in I-direction) significantly.
Previous analytical studies stated that gel treatment was not recommended in reservoirs
with crossflow between oil productive zone and water channel (Sydansk and Southwell,
2000). However, for our severe channeling cases, the result could be different because the
effect of J-direction crossflow was greatly weakened compared of the much higher Idirection permeability in channel.

Figure 17. Gelant Placement Results (The color shows the polymer concentration range
from 0 to 5000 PPM)
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Additionally, during water flooding, the water drive from injector to matrix in
cases with crossflow tended to flow to the fracture rather than to the deep matrix, which
leaves more matrix zone un-swept than that in cases without crossflow. The results also
showed that with increasing crossflow from 0.1 to 1, higher concentration of gelant
existed near wellbore in matrix, which indicated that more gelant had penetrated to the
low K matrix due to higher crossflow. This might result from more gelant was injected at
time of breakthrough due to gelant loss to matrix through fracture surface due to higher
crossflow (leakoff).

a

b

Figure 18. Gelant Penetration Result from Injector to the Matrix (a. Polymer
concentration along the matrix; b. Degree of penetration after placement)

8.2. EFFECT OF RELATIVE CHANNEL WIDTH ON PENETRATION
To study the effect of relative channel width, we considered two cases including
width ratio (channel to total width) = 10%, and = 1%, as a comparison with the optimal
case (width ratio =50%). To better compare the channel geometry with that in real
situation, we considered a possible case with a non-communicating channel separating
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the two low K region, both of which were penetrated by the two horizontal wells. The
revised model, as shown in Figure 19, can be used to test how the varied channel
geometry influences the gel treatment results.
The degree of penetration has been summarized in Figure 20a. Comparing the
optimal case with 50% relative channel width, one can observe that the lower channel
width, the lower degree of penetration. With lower channel width, the flow velocity in
channel was higher considering constant flow rate.

Figure 19. Illustration of Relative Channel Width Model (Case with relative channel
width = 10% and 1%)

Thus, the less time was needed for gelant to breakthrough and less time for gelant
to penetrate into matrix through fracture surface. Besides, with lower channel width, the
less amount of gelant was needed to fully plug the channel volume. Consequently, the
less degree of penetration was observed for the cases with lower relative channel width.
Gelant distribution in matrix after placement is shown in Figure 20b. The result showed
that the near wellbore gelant concentration was much lower for the cases with lower
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relative channel width, which resulted in a much better placement result. Some may
question that with increased matrix cross-section area, the loss of gelant from injector to
the matrix could be a greater amount, however, our result showed that in the test range of
relative channel width, the benefit from the narrower channel width still dominated other
negative effects.

a

b

Figure 20. Gelant Penetration Result from Injector to the Matrix (a. Polymer
concentration along the matrix; b. Degree of penetration after placement)

8.3. EFFECT OF CROSSFLOW AND CHANNEL WIDTH ON PROFILE
CONTROL IMPROVEMENT
The results of profile control are shown in Table 7. For optimal case, the channel
flux percentage was decreased by 93.35% (100%-6.65%). With crossflow (KJ/KI) = 0.1
and 1, the channel flux percentage was decreased by 96.53% (100%-3.47%) and 94.86%
(100%-5.14%), respectively. The results showed that with mild crossflow, the profile
could be improved. However, with increase of crossflow from 0.1 to 1, the profile
improvement was decreased. Although the profile improvement was fluctuated with
crossflow increasing from 0 to 1, the variation in profile improvement was not great.
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Consistent with the penetration results, the profile improvement was not influenced by
crossflow significantly. For the effect of channel width, with 50 times smaller channel
width of optimal case, the percentage of post water flow in channel was decreased more
than 50 times (6.7% to 0.09%), which indicated that with smaller channel width, it would
be more possible to observe a greater profile improvement result of in-situ gel treatment
based on our simulations.

Table 7. Injection Profile Result before and after Gel Treatment with Consideration of
Crossflow and Relative Channel Width

Overall, our previous conclusions should still apply in applications, because in
viscous oil reservoir with fracture-like channels, the effect of crossflow was very limited,
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and the smaller size of channel would, more possibly, benefit the treatment results gel
because gelant was not leaked off far away from the matrix surface.

9. CONCLUSION

The following conclusions are drawn from this simulation study. All of the
simulations consider injecting gelant until the gelant fills in the channel and
breakthroughs from the production well.
•

Polymer rheology responses in open-fracture and porous media with pore-throat
network are different, which strongly influence effectiveness of gel treatment.

•

Degree of penetration results at the show that gel treatment in the fracture model
has greater potential than that in porous media model in terms of preferentially
penetrating into high K channel with all scenarios.

•

The profile improvement results show that the effectiveness of conformance
control strongly relied on the Frr models used in simulations. The gel treatment
using permeability dependent Frr can provide significant more improvement of
profile compared with that using constant Frr.

•

Considering the gelant rheology and permeability dependent Frr, in-situ gel
treatment could be more effective to improve the injection profile in viscous or
heavy oil reservoirs containing fracture-like channels than that containing porous
media channels with pore-throat network.

223
•

In terms of gel performance for profile improvement, K ratio is the most
influencing factor in fracture model and oil viscosity is the most influencing
factor in porous media model. Multi-factor analysis results also show that:

•

Increasing oil viscosity, channel velocity, 𝐾𝑟𝑤@𝑆𝑜𝑟 and K ratio have positive
effect on gel treatment results in fracture model.

•

Increasing oil viscosity, K ratio and 𝐾𝑟𝑤@𝑆𝑜𝑟 have positive effects on gel
treatment results in porous media model.

•

The higher initiation water cut has negative effects on both models, which
indicates benefit of early gel treatment.

•

At high flow velocity near wellbore, the difference of gel performance for profile
improvement in two types of models can be greatly increased.

•

Increasing oil viscosity and K ratio have strong positive influences on profile
improvement results, which suggest the great potential of in-situ gel treatment in
heavy or viscous oil reservoirs with severe heterogeneity developed using
horizontal wells.

•

Considering the crossflow and channel geometry in applications, our conclusions
should still apply, because in heavy or viscous oil reservoir with fracture-like
channels, the effect of crossflow is very limited, and the smaller size of channel
will, more possibly, benefit the treatment results of in-situ gel because gelant will
not be leaked off far away from the matrix surface.
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VII. INVESTIGATIONS OF WHEN AND WHERE IN-SITU GEL TREATMENT
CAN BE EFFECTIVE IN HEAVY OIL RESERVOIRS WITH SEVERE
CHANNELING PROBLEMS

ABSTRACT

Conformance problems can decrease oil recovery efficiency greatly for
heterogeneous reservoir, especially in heavy oil reservoir. Polymer gel as a conformance
control agent is effective to improve efficiency of water flooding or polymer flooding in
heavy oil. This paper will discuss timing of gel treatment in heavy oil using numerical
simulation result based on recent literature results. Contradictory to gel treatment timing
in conventional oil, our results suggested a late stage (eg. Water cut > 95%) gel treatment
can control the conformance better in terms of effective period, water oil ratio and
injection profile change. Besides, to consider the combined effects of multi-factors, a
machine learning model is applied based on the simulation results and a decision tree
model is presented as a guideline for where and when gel treatment can be more
effective.

1. INTRODUCTION

Waterflooding in heterogeneous heavy oil can hardly be economic after water
breakthrough because of the strongly unfavorable mobility ratio decreases sweep
efficiency dramatically, leaving large amount of oil behind. Polymer flooding is a
common method to improve sweep efficiency. However, when high permeability
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contrasts (e.g., 10:1) and high thickness ratios (low K strata is 10 times thicker than high
K strata) exist, the efficiency of polymer flooding can be severely decreased (Seright,
2012). At such a severe channeling condition, which is typically presented in the heavy
oil reservoirs, a water shutoff treatment using gel can effectively improve the efficiency
of water or polymer flooding by diverting the water to low K strata oil-bearing zone.
In conventional oil reservoirs, some sensitivity studies have been done to test
when and where gel treatment can be effective. Jahanbani et al (2016) used simulation
methods to study in-depth gel treatments starting at water cut of 1%, 65% and 97%, and
concluded that early gel treatment resulted in better oil recovery. Khamees et al (2017)
agreed this point with similar simulation setup but mentioned that no economic benefit
can be achieved when gel is initiated earlier than 80% water cut. Sydansk and Seright
(2007) analytically examined at what time the relative permeability modifier (RPM) gel
can be effective. Based on analytical and field experience, they concluded that gel
treatment will not be effective if oil bearing strata does not produce 100% oil. These
results indicate that gel treatment cannot be effective if initiated at late time.
The reason claimed for ineffective late gel treatment is that when low k strata start
to produce water, water saturation in low K strata may already reach a high level, which,
based on traditional relative permeability curve, high water relative permeability (>0.2)
can be attained near wellbore. Since polymer gel is usually water miscible and stays with
aqueous phase, gel treatment at this situation can result in a considerable deep penetration
in low K strata. Although gel can hardly decrease oil permeability while it reduces water
permeability to micro-darcy, the large amount of retarded water behind gel can build up a
highly water saturated zone with high water permeability and make oil nearly immovable
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(Sydansk, 2007). For early-stage gel treatment, a large difference between krw in high K
and low K layers can help divert more gelant flow into high K layer, which is called a
selective penetration, and impede the damage in the oil-bearing zone.
However, in heavy oil reservoirs, the late-stage gel treatment may be effective.
Several researchers (Seright, 2018, Qin, 2018) reported that at end of the secondary
recovery, the relative permeability of water remains surprisingly low while relative
permeability of oil keeps high. (Qin et al, 2018) measured relative permeability of
Venezuelan heavy oil in different temperature and concluded that the relative
permeability of water at residual oil saturation keeps very low (< 0.08) even when
temperature increases up to 200 ℃. Given these circumstances, at early stage, krw for the
high K layer cannot be much higher than krw for the low K layer compared with the
conventional oil reservoirs. On the other hand, with ultra-low krw at the end of
waterflooding, gelant cannot penetrate deeply with the appropriate injection pressure. As
a result, the penetration and retention of gel in the heavy oil reservoirs may not be as
sensitive to initiation time as in the conventional oil reservoirs. But the amount of oil left
near the wellbore may be more important to the effectiveness of gel treatment. This is
because if the low K layer contains mobile oil at the time of gel invasion, adsorbed or
pore filling gel can irreversibly trap more residual oil (Seright, 2006), which will increase
the difficulty for cleaning up the oil in the gel zone.
Polymer gel is approved to be an effective conformance control agent to improve
sweep efficiency and injection profile if properly applied. Seright (2006; 2012) stated the
challenges of gel treatment deployment. The effectiveness of gel treatment strongly
depends on the gel properties, formation properties and operational properties. Besides,
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for reservoirs with water channel, the treatment to these reservoirs is usually in a higher
demand because the high-water production decreases the recovering efficiency greatly.
Thus, a predictive model for where and when gel treatment can be effective is critical for
the field applications.
This study will investigate the influencing factors of in-situ gel treatment. The
appropriate treatment time in the heavy oil reservoirs will be discussed based on
treatment effectiveness when considering the effective period, injection profile control,
and the water shutoff effect. Based on the simulation results, this study will apply
machine learning methods to analyze the data from numerical simulation and identify the
screening criteria for higher profile improvement of gel treatment, and finally provide a
roadmap for where and when gel treatment can be more effective.

2. METHODOLOGY

In this section, we present our methodology in investigating the influence of gel
treatment timing on its performance in heavy oil reservoirs. First, we discuss major
mechanisms and their influence on treatment performance during gel treatment in heavy
oil reservoirs using lab scale model; then we discuss our simulation model and
investigation and corresponding results; finally, we present the knowledge discovery
results in using artificial intelligent methods using results of field scale model and
corresponding guidelines provided from these results.
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2.1. NUMERICAL SIMULATION MODEL
In this study, CMG STARS is used to simulation gel treatment in heavy oil
reservoirs, including its models for gel retention, Frrw, and gel reaction. The models used
are presented briefly below.
2.1.1. Gel Retention. Assume polymer and gelant transportation only in the
aqueous phase, and adsorbed crosslinked gel is considered as solid which can retain in
the porous media. Therefore, Darcy’s Law governing fluid flow in porous media is
applicable to study polymer and gelant transport in aqueous phase. Based on Scott et al.
(1987), the governing conceptual mass conservation for flowing phase and components
𝑘 𝜌

𝑗

𝑗

𝑗

(Equation 1) is shown below:∇𝐾 ∑𝑖 (𝑅𝐾𝑟𝑖 𝜇𝑖 ) 𝐶𝑖 (∇𝑝𝑖 − 𝜌𝑖 𝑔∇𝐷) + ∇∅ ∑𝑖 𝜌𝑖 𝑆𝑖 𝐷𝑖 ∇𝐶𝑖 +
𝑖 𝑖

∇𝐾 ∑ (
𝑖

𝑘𝑟𝑖 𝜌𝑖
) 𝐶 𝑗 (∇𝑝𝑖 − 𝜌𝑖 𝑔∇𝐷) + ∇∅ ∑ 𝜌𝑖 𝑆𝑖 𝐷𝑖𝑗 ∇𝐶𝑖𝑗 + ∅ ∑ 𝜌𝑖 𝑆𝑖 R𝑗𝑖
𝑅𝐾𝑖 𝜇𝑖 𝑖
𝑖

+𝑞𝑖 −

𝑖

𝜕∅𝑚𝑗
𝜕𝑡

=0

(1)

where 𝑖 refers to phase indicator and 𝑗 refers to a particular component. 𝐷 is diffusion and
dispersion coefficient in 𝑓𝑡 2 /𝑑. R is reaction coefficient in

𝑙𝑏𝑚𝑜𝑙𝑒
𝑓𝑡 3 −𝑑

. Unit volume mass

change of component j caused by retention is described as Equation 2.
𝑚𝑗 = ∑𝑖 𝜌𝑖 𝑆𝑖 𝐶𝑎𝑑𝑠 𝑖𝑗

(2)

𝑗
where 𝐶̂𝑖 is the component j concentration change in the phase i caused by solid

entrapment. 𝐶𝑎𝑑𝑠 𝑖𝑗 is concentration change of the component j in the phase i caused by the
Langmuir isothermal adsorption equation (Equation 3).
𝐶𝑎𝑑𝑠 𝑖𝑗 = (𝑡𝑎𝑑1 + 𝑡𝑎𝑑2 ∗ 𝐶𝑠𝑎𝑙,𝑖 ) ∗

𝑗

𝐶𝑖

𝑗

1+𝑡𝑎𝑑3∗𝐶𝑖

(3)
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where 𝐶𝑠𝑎𝑙,𝑖 concentration of salinity in the phase I, and tad1, tad2, tad3 are the input
constants.
2.1.1.1. Residual resistant factor. During the gel treatment, residual resistance
factor (Frr) is not the same for oil and water phase. In this study, due to the limitation of
the simulator, we only consider the Frr to water phase, as denoted Frrw. Frrw model is
based on lab data from Seright (2006), measured using Berea Sandstone coreflooding,
shown in Table 1. The fitted Frrw dependent on that water effective permeability kw is
shown in Figure 1. Their experiments used 0.5% Alcoflood 935 HPAM and 0.0417%
Cr(III) acetate gel, which was a strong gel that tends to occupy most, if not all, of the
aqueous pore space and reduces aqueous phase permeability to micro-Darcy levels.

Figure 1. Gel Retention Design

The blocking effect of gel treatment on water drive is simulated by a permeability
reduction caused by the retained gel. The permeability reduction (RKW) is calculated
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using the Frrw measured in lab experiments (Frrw in Table 1). The related models are
shown below.

Table 1. Experimental Results of Permeability Dependent Frrw
Data Source
Berea Sandstone
Berea Sandstone
Berea Sandstone
Simulation Design
Simulation Design

Pre gel kw, md

Post gel kw, md

Frrw

389
100
40
500
50

0.005
0.01
0.019
0.00625
0.025

77800
10000
2105.263
80000
2000

Blockage effect caused by adsorption for one grid is calculated by Equation 4.
𝐶𝑎𝑑𝑠

𝑗

𝑖
𝑅𝐾𝑖 = 1 + 𝐴𝐷𝑀𝐴𝑋𝑇
∗ (𝐹𝑟𝑟𝑖 − 1)

(4)

where 𝑅𝐾𝑖 stands for the relative permeability reduction of the phase i. 𝐴𝐷𝑀𝐴𝑋𝑇 is the
maximum adsorption for the grid which can be set by the user. 𝐹𝑟𝑟𝑖 is the residual
resistance factor for the phase i which can be set by user. It’s measured in from the lab
experiment in this study by Equation 5.
𝑘

∆𝑃

𝐹𝑟𝑟𝑖 = 𝑘𝑟𝑖 𝑏 = ∆𝑃𝑎
𝑟𝑖 𝑎

𝑏

(5)

where 𝑘𝑟𝑖 𝑎 is relative permeability to the phase i after permeability reduction treatment,
while 𝑘𝑟𝑖 𝑏 is relative permeability to the phase i before permeability reduction treatment.
∆𝑃𝑎 , ∆𝑃𝑏 are pressure differences after and before treatment, respectively.
2.1.1.2. Gelation reaction. The general reaction to present gelation process is
proposed by Scott et al. (1987) and shown in Equation 6. The reaction is assumed to be
one direction in this study.
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𝑃𝑜𝑙𝑦𝑚𝑒𝑟 + 𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑒𝑟 => 𝐺𝑒𝑙

(6)
𝑗

The Arrhenius model is used to quantify the reaction coefficient 𝑅𝑖 by Equation
7. (Assume A+B=C, which is the first order reaction stoichiometric for the gelation
process.)
𝑗

𝑅𝑖 =

𝑗

𝜕𝐶𝑖
𝜕𝑡

𝐸𝑎

= 𝐴 ∗ exp (𝑅𝑇) ∗ 𝐶 𝑟1 𝐶 𝑟2

(7)

where A is Arrhenius constant and Ea is activation energy which means the sensitivity of
component j in phase i to the temperature change. R is gas constant. T is kelvin
temperature. 𝐶 𝑟1 , 𝐶 𝑟2 are two reactants’ current concentrations. For an isothermal
reaction, Equation 7 can be solved analytically as Equation 8.
𝐶 𝑟1

𝐶 𝑟1

ln 𝐶 𝑟1 = 𝐴(𝐶0𝑟1 − 𝐶0𝑟2 )𝑡 + 𝑙𝑛 𝐶0𝑟1

(8)

0

where, 𝐶0𝑟1 , 𝐶0𝑟2 are two reactants’ initial concentrations and t is the reaction time.
Concentrations in simulation are in mass fractions which are calculated from mole
fractions of fluid components at each grid. For component j in fluid phase i, it is
calculated using Equation 9.
𝑗

𝑗

Ci = ∅ ∗ 𝜌𝑖 ∗ 𝑆𝑖 ∗ 𝑥𝑖

(9)

𝑗

where, 𝑥𝑖 is mole fraction of component j in phase i.

3. SIMULATION INVESTIGATION

3.1. ASSUMPTIONS
•

Only adsorption is considered for gel retention and gel can be fully adsorbed on
rock surface, and adsorption of polymer and Cr(III) can be ignored.
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•

Gel retention has effect on aqueous phase residual resistance factor only, therefore
Frro=1.

•

Before gelation, gelant viscosity is designed the same with polymer viscosity.

•

Gelation process is considered irreversible. No degradation is considered.

•

Adsorbed gel is considered as non-movable solid, and no extrusion considered.

•

Capillary pressures are not considered.

•

No crossflow is considered between two layers.

•

No gas phase is considered, only two phases in the model including aqueous and
oleic phase.

3.2. GEL TYPE
The base chemical for polymer gel is a relatively economic combination of
polymer and Cr(III) crosslinking agent. The flowing behavior of gel can range from
highly flowing to rigid rubbery depending on formulation of same chemical set to deal
with varied situation of conformance problem (Sydansk, 1988). On the other hand, the
crosslinking time or so-called gelation time can range from minutes to weeks. In this
paper, since severe channeling problems in heavy oil reservoirs is considered, strong
treatment should be implemented, the strong gel which has higher concentration of
polymer and Cr(III) and can crosslink in short time (e.g., few hours) is considered. This
also ensures gelation fully finished before post-flush starts.
A partially hydrolyzed polyacrylamide (HPAM), Ciba Alcoflood 935TM with a
molecular weight of 5e6 daltons and 5% degree of hydrolysis used by Wang (2006), is
used as polymer; and chromium Cr(III) acetate is selected as crosslinker for all

238
simulations in this paper. Gel is designed with 0.5% Alcoflood 935 HPAM and 0.0417%
Cr(III) acetate. Gelation time is designed 140 min (dimentionless time=0.3 PV fluid
injected) in lab scale model.

3.3. RESERVOIR SIMULATION LAB SCALE MODEL
A 2D heterogeneous conceptual lab-scale model is designed to better illustrate
theoretical analysis. Figure 2 illustrates the two-layer conceptual model used in the
simulation studies, and Table 2 lists the model configuration and relevant properties and
the size of the grid system used.

Figure 2. Illustration of Two Layer Conceptual Model

Table 2. Model Descriptions
Model Length,
cm
30.48
Porosity
0.236

Cross-Section Area,
cm2
6.45
Oil Viscosity, cp
286

High Permeability,
md
10000
Water Viscosity, cp
1

Low Permeability,
md
1000
Grids
200*1*2

In this study, relative permeability data is derived from the crude oil core flooding
experiment result presented by Seright (2018), and corresponding Corey’s Law
coefficients are listed in Table 3, where Krw@Sor is for relative permeability for water
phase at residual oil saturation, Kro@Swi is for relative permeability for oil phase at
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initial water saturation, and Swi and Sor are for initial water saturation and residual oil
saturation respectively, Nw and No are the coefficients of Corey’s Law (Equation 10 and
Equation 11) for water phase and oil phase respectively. The relative permeability curve
is illustrated in Figure 3.

Table 3. Relative Permeability Corey’s Law Coefficients
Krw@Sor
0.05

Kro@Swi
1

Swi
0.16

Sor
0.34

Nw
2

𝑆𝑤−𝑆𝑤𝑖

𝐾𝑟𝑤 = 𝐾𝑟𝑤@𝑆𝑜𝑟 ∗ [1−𝑆𝑜𝑟−𝑆𝑤𝑖]

No
3

𝑛𝑤

1−𝑆𝑜𝑟−𝑆𝑤 𝑛𝑜

𝐾𝑟𝑜 = 𝐾𝑟𝑜@𝑆𝑤𝑖 ∗ [1−𝑆𝑜𝑟−𝑆𝑤𝑖 ]

(10)
(11)

Figure 3. Relative Permeability Curve Derived From Corey’s Law. (Red Line: Kro, Blue
Line: Krw)
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3.4. SIMULATION DESIGN AND CONSIDERATIONS
Our sensitivity analysis focus on initiation time (the time to inject gelant) effect
on gel treatment. This initiation time is scaled dimensionless using water cut at producer.
Five simulation cases are considered in this initiation time sensitivity test in lab scale
model.
•

Gel Initiation time for five cases is listed in Table 4 marked by specific water cut.

•

Injection rate is maintained at 0.1 cc/min for lab model.

•

Base model is used for all cases of lab model.

•

Simulation constraints at the injector: Surface water rate: 0.1 cm3/min

•

Simulation constraints at the producer: Effluent pressure: 14.7 psi.

•

Simulation starts with water flooding until the specific water cut at producer.
Then gel treatment is applied at injector. After this, water flooding will be started
again to the end of simulation time (18 PV water injected).

•

Gel treatment: Gelant is injected at specific water cut reached. After gelant
injection, injector is shut in for (3*injection time) to allow soaking in-situ.
Gelation time = 3* injection time (Gelation point is designed after gelant injection
stops to ensure that gel can be formed in-situ). Then, the injection and production
resumes with post water flooding.

Table 4. Cases Setting of Initiation Water Cut
Initiation
Water Cut, %

Case 1
70

Case 2
80

Case 3
90

Case 4
95

Case 5
98
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4. SIMULATION RESULT AND DISCUSSION

4.1. WATER CUT AND EFFECTIVE PERIOD RESULTS
Effective periods for five cases are shown in Figure 4 and Table 4. The results
indicate that the later the treatment of gel, the longer the effective period could be. This is
opposite to sensitivity analysis did by most researchers in conventional oil. Moreover,
treatment in case 5 is after low K layer breakthrough and still the effective period can be
much longer than other four cases, which suggests a better potential for long time water
shut off effect. Effective times are summarized in Table 5.

Effective
Period
Gelant Injection
Period
Soak Period

Figure 4. Initiation Time Effect on Gel Treatment

Table 5. Results of Effective Time Periods
Effective
Time, min

Case 1
207.792

Case 2
207.806

Case 3
212.8

Case 4
218.966

Case 5
284.739
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4.2. OIL RECOVERY RESULTS
Oil recovery result is shown in Figure 5. Compared with oil recovery efficiency
using only water flooding, the result of gel treatment in Figure 5 shows that with only 0.1
PV gel injection, the recovery efficiency can be improved a lot (about 2 PV water is
needed to displace nearly all mobile oil out after gel treatment). The incremental oil
recovery is not very sensitive to the gel initiation time which shows that residual oil for
all five cases is very similar. This result is very positive to gel treatment. Because it
indicates that for the late gel treatment even after low K layer breakthrough, negative
effect, from gel treatment, on the oil-bearing zone is negligible.

Figure 5. Oil Recovery Factor Compared Gel Treatment Cases With Water Flooding (All
Of Gel Treatment Cases With 0.1 PV Gel Treatment Can Have Nearly 20% Oil Recovery
More Than Water Flooding)
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4.3. WATER OIL RATIO RESULTS
Water oil ratio associated with oil recovery factor is shown in Figure 6. The result
describes a detailed illustration at end of production for each case. Although in case five,
with the latest gel treatment, oil recovery is nearly 0.8% lower than case two, the water
oil ratio is only 1/5 of case 1, 2&3. This indicates that for late time gel treatment even
after low K zone water breakthrough, the water shutoff effect can be long-term effective
and performs better than early gel treatment. The main reason for this should be the less
oil left near wellbore for case 5 at the gel initiation time as shown in Figure 7 & 8.
Because the gel treatment can retard water flow and build up a high-water saturation zone
behind gel, this will bring difficulty to displace remaining oil near wellbore (Seright, R.
S. 2005). In case 5, relative less oil left behind gel can favor oil zone clean up after gel
treatment and improve overall WOR more than other cases at similar oil recovery.

Figure 6. Water Oil Ratio Regarding Of Oil Recovery Factor. (Case 5 With Latest Time
Gel Treatment Can Keeps Least Water Oil Ratio With Similar Oil Recovery Factor
(Difference < 1%))
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Since oil saturation distributions near wellbore are in large variance (max=0.2)
among five cases (as shown in Figure 7 and 8), correspondingly, the water effective
permeability supposed to be interfered in each layer, which results in different
penetration profile for five cases. Paradoxically, the penetrations are nearly the same for
five cases. In fact, since gelant injection rates are same for five cases, the amount of
gelant penetrating into each layer will be directly related to water effective permeability
ratio between two layers. Although saturation distributions are in large variance in each
layer, the ratios between two layers are not large any more compared with permeability
ratio. Moreover, based on our heavy oil relative permeability curve, the water relative
permeability can keep low (<0.05) at end of water flooding, which can also reduce
variance. Consequently, after water flooding, water effective permeability ratios are very
small. With this condition, nearly all of gelant will flow into high K zone at the initiation
time. After gelation happens and water permeability in high K zone is reduced, some
gelant can flow into low K zone.

Figure 7. Low K Zone Oil Saturation Before Gel Treatment.
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Moreover, nearly no variance can be found for first few grids, which are mostly
concerned for gelant injection. As a result, the variances among cases can hardly make
difference on initiation situation for gel treatment and penetration.

Figure 8. High K Zone Oil Saturation Before Gel Treatment

5. AI INVESTIGATIONS ON WHERE AND WHEN GEL CAN BE MORE
EFFECTIVE IN THE FIELD SCALE

Many factors are involved in gel treatment and in evaluating its effectiveness.
Due to interactive effects, the influence of each parameter on the gel treatment could be
more complex than result of single parameter analysis. Thus, in this section, we will
conduct a series of simulations including over 200 cases in field scale model, Figure 9.
the relative gelation time refers to the gelation fraction of injection time, the channel flux
is a combined calculation result of gelant injection rate and channel thickness, and
therheology is represented by the static viscosity and shear thinning coefficient.
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We collect the data from these simulation results, and extract the profile control
result from these simulation results, and construct a artificial intelligent or machine
learning model. The goal is to establish a roadmap for where and when in-situ gel can be
more effective.

Figure 9. Reservoir Model Illustration

Table 6. Parameters And Descriptive Data
index

mean

std

min

max

Unit

Channel Width

0.02

0.02

0

0.07

ft

Gelation Time

0.53

0.57

0.10

2.00

Frr
Gel Initiate Time
(WC)
Gelant Rate

29883

26629

467

78764

-

83

8

7

95

%

1783

587

842

2710

ft /d

K Ratio

606

544

10

1866

-

Oil Viscosity

242

239

10

1000

cp

Gelant Viscosity

618

590

10

1866

cp

SHEARTHIN

0.39

0.10

0.23

0.56

-

APV

4.5

4.3

0

100

%

3
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To investigate the influencing factor on the field scale, a conceptual field model
considering a high permeability channel (marked in red in Figure 9) has been built. The
model is illustrated in Figure 9. The model is 2000 * 1500 * 20 ft3 containing two
horizontal wells with 50 grids in well-to-well direction, 25 grids along well direction and
single layer in vertical direction.
Factors considered include channel width, gelation time, Frr, gel initiate time,
gelant rate, K ratio, oil viscosity, gelant viscosity, shearthin, and APV, as shown in Table
6. Specially, gelation time is relative to injection time; gel initiate time is depend on
water cut at produser; gelant rate is the gelant injection rate in ft3/d; shearthin is the
coefficient of shear thinning rheology, which quantifies the slope of gelant apparent
viscosity versus velocity or shear rate; APV is the accessible pore volume that quantifies
how much fraction of porosity is accessible to gelant in matrix.
For predictive model, we tried four different machine learning method including
multiple linear regression, support vector machine (SVM), bagged tree method and
boosted tree method. The boosted tree method gave the best fitting result. First, because it
can fit the nonlinear term better than linear regression and SVM. Second, comparing with
the bagged tree method that randomly selects features and samples, the boosted tree
method use the boosting method in which the input data are weighted in subsequent trees.
The weights are applied in such a way that data that was poorly modelled by previous
trees has a higher probability of being selected in the new tree. This means that after the
first tree is fitted the model will take into account the error in the prediction of that tree to
fit the next tree, and so on.
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Figure 10. Fitting Results Of Boosted Tree Model

The learning quanlity and results are showed in Figure 10. The boosted tree
method has the highest fitting quality with 𝑅 2 =0.94. In addition, we conducted an
importance analysis based on the boosted tree method. The importance ranking is shown
in Figure 11.

Figure 11. Effect Estimates Of Influencing Factors
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The results show that the Frr has the dominating influence on the gel treatment,
followed by gelation time (negative), channel width, and APV. Because the Frr directly
influence the plugging efficiency in water channels, the value of Frr will play the most
important role in reducing the water velocity in channels and consequently improving the
injection profile. The APV influences how much polymer gel will flow to matrix. The
higher value of APV, the less polymer gel flow to matrix. The result shows that this value
should be as high as possible to allow less gel loss to matrix. The result indicates that
with higher gelation time, the result of gel treatment will decrease. This is because with
too long gelation time, the gelant was very possibly flushed far from the injection well
and distributed in a large volume, which reduced the concentration of formed gel and the
retained gel. Thus, the profile improvement is reduced. The predicted effects of oil
viscosity, channel flux and K ratio are consistent with the published literature Leng et al.
(2022). The rheology factors including gelant viscosity and shear thinning do not have
much effect on the profile result compared with other factors. The initiation time has the
same result as we analyzed in lab model.

Table 7. Simplification Assignment
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The later gel treatment has positive effect on the profile improvement, though the
effect is limited compared with Frr.
Based on the decision tree model, we have established a classification model to
recognize where and when the profile improvement could be over 50% (more effective)
and less than 50% (less effective). The model is shown in Figure 13.
To interpret and simplify the model, we need to assign a simplification for
parameters shown in Table 7.
As a reversed interpretation of the decision tree model, we can have the scenarios
of where and when more effective gel treatment can be achieved. The guildemap is
shown in Figure 12. We can start from any of three plots. For example, when we have
low channel width formation and the oil is low viscous, we may use slow gelation and
very high Frr to achieve a more effective gel treatment.

Figure 12. Guildeline of Where and When More Effective Gel Treatment Can be
Achieved

Figure 13. Decision Tree Model
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6. CONCLUSION

We investigated the Cr(III)-acetate-HPAM gel in providing water shutoff effect
for the heterogeneous heavy oil model using numerical simulation and decision tree
methods. The main findings and results are listed below:
•

From simulation study, it is obvious that
o In heavy oil, gel treatment after water breakthrough in low permeability
zone do not restrict the effectiveness of treatment in enhanced oil recovery
and water cut reduction.
o Gel can effectively shutoff water production and improve water oil ratio
for the period of time which is dependent on the initiation time.
o Less oil left behind gel in late gel treatment can favor oil zone clean up
after gel treatment and improve overall WOR more than early gel
treatment at similar oil recovery.

•

From artificial intelligent methods, we find out:
o Decision tree methods can be used to capture the complicated relations of
factors that influence the gel treatment performance. The study and results
also indicate very promising applications of AI in EOR analysis.
o Among those influencing factors for gel treatment performance, the most
important factors are Frr, gelation time, channel width and APV.
o A roadmap was proposed using decision tree model. Future in-situ gel
treatment design can follow this roadmap to select the appropriate gel type
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and apply the appropriate operations on the given formation properties and
production history.
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VIII. SIMULATION STUDIES OF PREFORMED GEL PROPAGATION IN
OPEN FRACTURES

ABSTRACT

Some of the most successful water shutoff treatments in fractured reservoirs used
relatively large volumes of gel that extruded through fractures during the gel placement
process. Previous laboratory experiments demonstrated that the relatively large volumes
of gel placement occurred because the gel dehydrated as it extruded through fractures.
However, no simulation models have been reported to quantify this phenomenon in
preformed gel simulations. This study proposes an innovative method to simulate the
preformed gel propagation through open fractures with consideration of dehydration. The
simulation models, including a rheology model of gel propagation and a retention model
of dehydration are derived by fitting the laboratory results. To apply the model in field
scale, we generalized the simulation models to effectively quantify the effect of fracture
width and flow rate. The simulation results show that gel could be dehydrated in
fractures, or the breakthrough time could be delayed by 1.1 to 40 times without
considering the gel leaking to matrix or delayed by over 500 times considering the gel
leaking to matrix. Besides, the gel dehydration effect becomes less pronounced as the
fracture width or flow rate increases.
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1. INTRODUCTION

Gel treatments were often applied to improve conformance and reduce water or
gas channeling in reservoirs (Sydansk, 1988; Bai et al., 2015). Some of the most
successful treatments reported consumption of relatively large volumes of gel that
extruded through fractures during the placement process (Sydansk and Moore, 1992;
Borling, 1994; Hild and Wackowski, 1998).
Previous studies (Seright, 1995; 1998; 1999) demonstrated that gel extrusion in
fracture required a pressure gradient that varied inversely with the square of fracture
width. After this pressure gradient was reached, the gel slug propagation in fractures
behaves a strong “slip” effect. Their experimental results, using a one-day-old Cr(III)acetate-HPAM gel [0.5% Alcoflood 935 HPAM, 0.0417% Cr(III) acetate] at 41 oC,
showed that gels can dehydrate (concentrate) during extrusion through fractures, as
shown in Figure 1. Depending on fracture width, this dehydration effect can significantly
retard gel propagation, as shown in Figure 2.
Both laboratory and field results indicated the significance of the gel dehydration
in determining how much gel should be injected in a given application and where that gel
distributes in a fractured reservoir. Numerical simulation is an efficient tool to bridge the
lab results to field applications. Unfortunately, no gel treatment simulation studies were
reported to consider the gel dehydration in fractures. Therefore, the objective is to build a
generalized simulation model of preformed gel extrusion in fractures based on the lab
results. The results can help in guiding the field applications of preformed gel about
where and how gel dehydrates during extrusion through a fracture.
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Figure 1. Pressure Gradient Results With Varied Fracture Width (Experimental Results
Of Seright, 1998)

Figure 2. Gel Dehydration Results With Varied Fracture Width (Experimental Results Of
Seright, 1998)
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2. METHODOLOGY

During formed gel propagation through fracture, water can leak-off from gel to
the adjacent matrix. This mechanism is critical to the gel treatment because it highly
influence the amount of gel consumed.

2.1. ASSUMPTIONS
It is very difficult to simulate this process in STARS because the simulator is
based on the Darcy’s law, but the gel transport is non-Darcy flow that 𝑞/∆𝑝 follows a
power law model.
To simplify the process, we have the assumptions:
1. Flowing gel is a component in aqueous phase (containing ‘gel’ and ‘water’).
2. Dehydration is an instantaneous process (retention), and the retention capacity is a
constant for each grid.
3. Dehydration results in gel retention as component in solid phase and becomes
immobile, but the remaining component ‘water’ in aqueous phase can still flow
and leak-off.
4. Rheology model only applies to flowing gel.

2.2. SIMULATION PROCEDURES
With these assumptions, the process of gel propagation through fracture can be
simplified using an immediate leak-off. To mimic the physical process, it is necessary to
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fit two key factors: the breakthrough time that quantifies how much gel is consumed, and
stable injection pressure gradient that quantifies flowing behavior in fractures.

2.3. HISTORY MATCH OF THE LAB RESULTS
Here we provide a sample case with fitting, generalization and field application
analysis. The propagation data is based on Seright (2000). The lab model is shown in
Figure 3.

Figure 3. Lab Model Illustration (Seright, 2000)

2.4. FITTING OF GEL RHEOLOGY
The target lab result of gel rheology during propagation in fractures is shown in
Figure 4 (Liu and Seright, 2001). The results is measured using rheometer and based on
the 0.5% HPAM and 0.0417% Cr(III)-acetate gel. The black dots show the stress
response with corresponding shear rate, while the while circles show the viscosity
calculated by shear stress/shear rate.
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Figure 4. Fitting Result Of Pressure Gradient In Lab Experiments (Liu And Seright,
2001)

We applied CMOST to fit the pressure gradient data in this lab experiment and
the result shows in Figure 5. Fitting result gives the 𝜇_0=134 cp at velocity of 4130 ft/d,
𝑛_𝑡ℎ𝑖𝑛=0.32.

Figure 5. Fitting Result Of Pressure Gradient In Lab Experiments
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2.4.1. Rheology Model Conversion When we compare the fitting result with
viscometer result provided in Liu & Seright (2001) for the same gel, a big gap can be
seen on Figure 7. This is because the viscometer result comes from a pure fracture flow
shown as the left figure in Figure 6, but the fitting result depends on the real situation that
contains the capillary tube flow through the wormhole in gel bank as shown in right
figure in Figure 6.

Figure 6. Theoretical Gel Flow In Fracture (Left) Versus Real Gel Flow In Fracture
(Right Cited From Seright, 2001)

As a result, to apply the lab experiments to simulation model, a conversion from
viscometer result to fitting result is necessary. Two theories of explanations are reported
in literatures. Seright’s model assumes the residual fracture volume is like porous media,
and the Carter’s model assumes that the residual fracture volume is still a fracture. Based
on Seright’s theory Figure 8 right, the conversion is 𝑢 = 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 ∗ √∅𝐾, 𝐾 =
𝐶 −3

0.0011 + (𝐶 ) . Based on Carter’s theory Figure 8 left, the conversion is 𝑢 =
0

𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 ∗ 𝑛𝑒𝑤 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑤𝑖𝑑𝑡ℎ. With experiences, after gel dehydration, the fracture
volume is commonly reduced to 4% to 14% of original fracture volume.
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Figure 7. Compare Fitting Result With Viscometer Result

Figure 8. Physical Theory For Two Conversion Models (Seright And Brattekas, 2021)
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We calculated the converted results of rheology data and plotted them with the
fitting result and original data shown in Figure 9. We can see Seright’s theory can much
better fit on our simulation fitting results. So, we will use this conversion.

Figure 9. Conversion Results With Two Different Models

2.4.2. Fitting of Gel Retention. Due to dehydration as a fast process, the amount
of gel retained in fractures is difficult to measure in lab. Alternatively, lab experts
commonly used the delayed breakthrough time (in dimensionless time) to quantify how
much gel was retained. The lab experimental data can be seen in Figure 10.
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Figure 10. Gel Breakthrough Lab Results (Seright, 1999)

Because no matter of the formation, gel, or operational properties, it will cost one
fracture pore volume (FPV) for gel to breakthrough. The delayed time (in FPV) will be
the gel retained in fractures that causes the breakthrough delay. To simulate the gel
retention, we need to fit the breakthrough time (in FPV).
We can observe that the breakthrough time is decreasing with increasing the flow
flux. This can be explained by a shear degradation effect shown in Figure 11.

Figure 11. Retained Gel (Red) Volume At Lower Flow Flux Versus Higher Flow Flux
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For flow flux, we need to fit the breakthrough time with retention capacity at
different flow flux preset in simulation model and the fitting results are shown in Figure
12. Y-axis is the relative concentration of produced gel to injected gel.

Figure 12. Breakthrough Time Fitting Results

Figure 13. Fitting Result Of Retention Capacity Versus Flow Velocity
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By plotting the fitting result of retention capacity versus flow velocity shown in
Figure 13, we can see that the general trend of retention capacity can match the
dehydrated concentration of gel reported in lab experiments in good quality.
2.4.1. Model Generalization.The next step is to generalize these models to field
scale. The key point is to consider the fracture width difference between core model and
field model and its effect on the rheology and retention models. Thus, with the same
history matching method, we fitted the experimental results with fracture width 0.0063 to
0.4 in, Figure 14 top. The fitted apparent viscosity results fall on the same shear thinning
rheology curve. The data briefly matches the previous result n=0.32, Figure 14 bottom.

Figure 14. Generalization Result For Rheology Model
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To generalize the retention result, we fitted the breakthrough results at varied
fracture width. By fitting the breakthrough time, we have the simulator input retention
capacity versus fracture width, Figure 15. The result shows a very similar power law
slope with stable pressure gradients. In narrower fracture, the dehydration is more severe,
and more gel will be consumed to reach the target penetration depth, shown in Figure 16.

Figure 15. Fitting Result Of Retention Capacity Versus Fracture Width

Figure 16. Gel Penetration And Breakthrough Result With The Fitted Retention Model
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The last step is to generate the scale-up model of rheology and retention model.
The rheology model can be directly applied and shown in Equation 1 because the
rheology result with varied fracture widths can be plotted on the same curve with the base
case. The retention model is sensitive to the fracture width and flow velocity. Additional
conversions are necessary.
u

0.32−1

𝜇𝑎𝑝𝑝 = 2550 ∗ (40.68)

Figure 17. Converted 3D Model Of Retention Model

(1)
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Because the lab experiments use different cores with varied width of fractures but
use the same flow rate. As a result, based on this common factor, we can fit a 3D model
using a projection from fracture effect model to flow rate effect model, shown in Figure
17. Flow rate effect model is based on the flow velocity effect model. Due to limited
experimental results, we have to assume that with other size of fracture, the velocity
model can still apply.

3. FIELD SIMULATION MODEL

For better understanding, we present a field model application. The model is a
conceptual model selected from the ongoing Alaska North Slope field pilot as shown in
Figure 18.

Figure 18. Conceptual Model From A Reservoir Model With Horizontal Well System
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The .dat file is shown in Appendix A-4 with conditions: two phase flow, gel
selectively injecting into fractures, no crossflow between fracture and matrices.
Model descriptions: Model grids 1500 * 100 * 20 ft3. Two phases (Water, Oil). Matrix
permeability: 1050 md (UND QR13). Oil viscosity: 286.3 cp. A fracture opened from
well J23 to well J27: Inter-well transit time was 2.39 days. Fracture width was 0.37 mm.
History match results: 40% of injection flew into this high permeability zone, which
contained a fracture. Flow rate: 600 bpd.

4. SIMULATION RESULTS AND DISCUSSIONS

Due to no restrictions for the size exclusion, gel can freely penetrate into matrices
from fractures following Darcy’s Law. However, in real situation, gel cannot flow into
matrices from fractures but forms a filter cake on the contact surfaces. As a result, here
we provide two settings: 1. Considering gel penetration from fracture to matrices; 2. Ideal
condition that not considering gel penetration from fracture to matrices. The results are
shown in Figure 19 (left is condition 1; right is condition 2).

Figure 19. Gel Placement Considering Two Different Settings (Left: Crossflow; Right:
No Crossflow)
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We present the gel penetration results for different cases range from ideal
condition to real condition in Figure 20. Five conditions with single/two-phases flow,
crossflow/no-crossflow, bullhead/selective injection.

Figure 20. Gel Volume Consumption Considering Different Conditions

Based on the results in Figure 20, we can observe that cases with oil can prevent
gel invasion into the matrix, so the gel volume needed is lower than that without oil to
reach the certain depth. For near wellbore treatment, the difference is limited for five
cases. For in-depth treatment, the consumption of gel increases greatly (log scale) for
cases with crossflow and cases with bullhead injection. The gel consumption for cases
without gel penetration into matrices from fractures are not increasing significantly.
However, the gel consumptions at breakthrough are all higher than 1 FPV.
Considering varied fracture width, we have the gel consumption results shown in
Figure 21 (crossflow) and Figure 22 (no crossflow).
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Figure 21. Gel Consumption Considering Crossflow From Fracture To Matrix

Figure 22. Gel Consumption Considering No Crossflow From Fracture To Matrix
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The results show that for small width fracture, whether gel can penetrate to matrix
from fracture is critical to the predicted gel consumption. But this is not sensitive to cases
with larger fracture width.
Overall, we have summarized a method to simulate gel propagation in fractures with a
rheology model and a retention model. The model can be generalized to field scale
application. Due to limitation of simulator, if considering the gel penetration from
fracture to matrix, the gel volume results are unrealistically high. Without considering gel
penetration from fracture to matrix, the results are more reasonable. With higher flow
rate, the less gel is consumed to reach target depth in fracture. With wider fracture, the
less gel is consumed to reach target depth. With increasing penetration depth, the
consumption of gel increases linearly in lab model and ideal cases but logarithmically in
alternative method’s cases.

5. CONCLUSION

•

An innovative simulation method including a rheology model and a retention
model has been proposed to simulate the gel propagation process in open fractures
considering gel dehydrations with some assumptions.

•

Lab model is applied in this study to history match the rheology and retention
model. Extended core model is applied to validate our models. ANS model is
applied for application prediction.

•

The models are generalized to field scale application considering the effects of
fracture width and flow rate.
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•

Due to limitation of simulator, if considering the gel penetration from fracture to
matrix, the gel volume results are unrealistically high. Without considering gel
penetration from fracture to matrix, the results are more reasonable.

•

With higher flow rate, the less gel is consumed to reach target depth in fracture.
With wider fracture, the less gel is consumed to reach target depth.

•

With increasing penetration depth, the consumption of gel increases linearly in lab
model and ideal cases but logarithmically in alternative method’s cases.
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SECTION

2. CONCLUSIONS AND RECOMMENDATIONS

2.1. CONCLUSIONS
This dissertation is composed of two review papers and six original research
papers to address how to better simulate gel treatments. Based on these studies, the
following conclusions can be drawn from each of the papers.
Paper Ι. A comprehensive review of in-situ polymer gel simulation for
conformance control:
•

We classified the process of in-situ gel treatment as three stages and summarized
the major factors to be considered during each stage, the mechanisms for in-situ
gel treatment among the published numerical simulation models.

•

A comprehensive table of simulation models has been provided to compare the
essential mechanisms with the published simulation models and the eligibility in
simulators.

•

The gel propagation in fractures has several published empirical models, but has
not been incorporated in simulators, while the critical condition for gel selective
penetration still needs more studies on quantitative models.

•

A critical review of the published application studies using commercial/in-house
simulators has been presented. The problems in these application studies are
summarized.
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Paper ΙΙ. Review of transport mechanisms and numerical simulation studies of
preformed particle gel for conformance control:
•

The study reviewed the simulation models that have been reported in literatures
regarding to the main mechanisms on particle gel treatment for conformance
control.

•

Based on particle gel application scales and dominant mechanisms, we
categorized the simulation models into three types: fracture model, core-scale and
grain-scale models which are for the porous media model with pore networks.

•

The review results revealed that particle gel simulation need to be significantly
improved to reflect the transport mechanisms of preformed gel through fracture or
fracture-like channels.

•

For every mechanism, we provided supplementary simulation models for
developing an integrated simulator for preformed particle gel treatment.
Paper ΙΙΙ. Simulation study of macromolecules inaccessible pore volume

mechanism in heterogeneous porous media:
•

This study summarized the 132 sets of IAPV data reported from published
literatures and applied a data-driven method to understand the influencing factors,
to rank the importance and to construct an improved model for integrated
simulators.

•

A new model derived from polymer hydrodynamics theory has been proposed.
The new model can quantify the combined influence of ten factors.
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•

The improved model built in this paper could better simulate the polymer
concentration change, distribution, and retention in polymer flooding than the
previous model.
Paper ΙV. Simulation study of delayed crosslinking process in gel treatment for

conformance control:
•

A new method to simulate gelation process for in-situ polymer gel was developed.
This method was fundamentally different from the traditional methods. The new
method could better predict where gel should be placed in heterogeneous lab scale
model.

•

Contrary to traditional methods, the new method provided a better fit on viscosity
change during gelation process given the same gelation time from experiments.

•

The in-depth gelant placement required minimum gel formed before gel was
formed, which could be achieved by new method much better than traditional
method.

•

For profile modification, the new method provided a much better result than the
conventional result.
Paper V. Impact of rheology models on horizontal well polymer flooding in a

heavy oil reservoir on Alaska North Slope: a simulation study:
•

Polymer flooding effectiveness was strongly influenced by reservoir
heterogeneity. Increasing K ratio was negative for the ultimate oil recovery of
both water flooding and polymer flooding.
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•

In terms of oil recovery, the non-Newtonian rheology model could not increase
the polymer flooding recovery more than the Newtonian flow model due to the
relatively higher overall apparent viscosity of the Newtonian flow model.

•

The apparent viscosity response could provide sufficient resistance for the driving
phase in channels where velocity is commonly very high but keep a moderate
resistance in matrices where velocity is relatively lower.

•

In addition to the optimal recovery stage by waterflooding in heavy oil, polymer
flooding could provide an extended period of optimal recovery with low WOR.

•

The application of the apparent viscosity model in simulation showed great
potential benefits for the case study in heavy oil polymer flooding using
horizontal well to improve the sweep, to reduce the WOR, to overcome the
negative effect by heterogeneity, and to extend the economic production.
Paper VI. Impact of polymer rheology on gel treatment performance of horizontal

wells with severe channeling:
•

We found that polymer rheology responses in open-fracture and porous media
with pore-throat network were different, which strongly influenced effectiveness
of gel treatment.

•

Degree of penetration results show that gel treatment in the fracture model had
greater potential than that in porous media model in terms of preferentially
penetrating into high K channel with all scenarios.

•

The profile improvement results showed that the effectiveness of conformance
control strongly relied on the Frr models used in simulations.
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•

In terms of gel performance for profile improvement, K ratio was the most
influencing factor in fracture model and oil viscosity was the most influencing
factor in porous media model.

•

Increasing oil viscosity and K ratio had strong positive influences on profile
improvement results, which suggested the great potential of in-situ gel treatment
in heavy or viscous oil reservoirs with severe heterogeneity developed using
horizontal wells.
Paper VII. Investigations of When and Where In-situ Gel Treatment Can be

Effective in Heavy Oil Reservoirs with Severe Channeling Problems:
•

For heavy oil reservoirs where water relative permeability at residual oil
saturation was quite low, the late time (e.g., water cut > 95%) gel treatment,
actually, might provide better result in terms of injection profile improvement,
effective period, and water-oil-ratio, if proper situations applied.

•

The importance analysis results showed that Frr was the most significant factor in
gel treatment.

•

For most cases, the relative higher Frr was necessary for a more effective gel
treatment.

•

A decision tree model was implemented to classify the parameter combinations to
achieve more effective gel treatment.
Paper VIII. Simulation Studies of preformed gel propagation in open fractures:

•

An innovative simulation method including a rheology model and retention model
has been proposed to simulate the gel propagation process in open fractures
considering gel dehydrations with some assumptions.
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•

Lab model is applied in this study to history match the rheology and retention
model. Extended core model is applied to validate our models. ANS model is
applied for application prediction.
Simulation results show that with higher flow rate, the less gel is consumed to

reach target depth in fracture; with wider fracture, the less gel is consumed to reach target
depth; with increasing penetration depth, the consumption of gel increases linearly in lab
model and ideal cases but logarithmically in alternative method’s cases.

2.2. RECOMMENDATIONS
Simulation of gel treatment is complicated that contains the simulation scale from
grain scale to core scale to field scale. The future studies are suggested to separate the
simulation scale based on the type of gel, such as in-situ gel, preformed bulk gel,
preformed nano/micro/particle gel, and the type of application formations, such as porous
media and open fractures.
For conventional in-situ gel simulation, the commercial and in-house simulators
could be qualified simulation tools for most of mechanisms. However, for formed,
preformed bulk/particle gels, the current simulators can hardly fit the requirements.
Future research is suggested to focus on the self-coded simulators or open-source
simulators such as Matlab Reservoir Simulation Toolbox.
Simulation of gel treatment has been studied by many researchers for decades,
however, major improvements are still in need to properly quantify the process of gel
treatment for conformance control. To establish the integrated simulator for field
simulation considering essential particle gel transport and plugging mechanisms and the
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simplification feasible for large scale computations, extensive lab experiments and
quantitative studies are still in need to build the numerical models for the particle gel
conformance control simulation including the particle gel transport model,
comprehensive retention model, and adsorption model in both fracture and porous media.

APPENDIX A.
SIMULATION CODES
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APPENDIX A-1

Level 1 Base Case CMG STARS Code

RESULTS SIMULATOR STARS 201410
INUNIT FIELD
EXCEPT 11 1
WSRF WELL 1
WSRF GRID TIME
WSRF SECTOR TIME
OUTSRF GRID MOLE ADSORP PPM ADSPCMP FLUXRC FPOROS KRG KRO KRW PPM
LLKVCMP PRES RFG RFO
RFW SG SLD-SP SO SOLCONC SW TEMP VELOCRC VISOCOM VISW VISWCOM
WATFRFL WATMOB
OUTSRF WELL MASS COMPONENT ALL
WPRN GRID 0
OUTPRN GRID NONE
OUTPRN RES NONE
** Distance units: ft
RESULTS XOFFSET
0.0000
RESULTS YOFFSET
0.0000
RESULTS ROTATION
0.0000 ** (DEGREES)
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0
** ***************************************************************************
** Definition of fundamental cartesian grid
** ***************************************************************************
GRID VARI 20 20 6
KDIR DOWN
DI IVAR
20*150
DJ JVAR
20*150
DK ALL
1600*20 800*10
DTOP
400*0
PERMI KVAR
4*100 2*10000
** 0 = null block, 1 = active block
NULL CON
1
POR KVAR
4*0.2 2*0.25
PERMK EQUALSI * 0.1
** 0 = pinched block, 1 = active block
PINCHOUTARRAY CON
1
PERMJ EQUALSI
END-GRID
ROCKTYPE 1
PRPOR 2000
CPOR 2e-5
** Model and number of components
** Model and number of components
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** Model and number of components
MODEL 5 5 5 4
COMPNAME 'Water' 'Polymer' 'XLinker' 'Gel' 'Dead_Oil'
CMM
18.015 10000 206 10206 100
PCRIT
3197.79 3197.79 3197.79 3197.79 0
TCRIT
705.56 705.56 705.56 705.56 0
PRSR 14.7
TEMR 120
PSURF 14.7
SOLID_DEN 'Gel' 62.4 0 0 0
MASSDEN
62.4 62.4 62.4 62.4 50
AVISC
1 100 1 8000 1
VSMIXCOMP 'Polymer'
VSMIXENDP 0 1.8033e-006
VSMIXFUNC 0 0.146735 0.293418 0.407779 0.522089 0.615211 0.708297 0.786636 0.864957
0.932479 1
VSMIXCOMP 'Gel'
VSMIXENDP 0 1.8033e-006
VSMIXFUNC 0 0.146735 0.293418 0.407779 0.522089 0.615211 0.708297 0.786636 0.864957
0.932479 1
** Reaction specification
STOREAC
01100
STOPROD
00010
FREQFAC 3230
ROCKFLUID
**
Sw
krw
krow
SWT
0.25
0
0.9
0.283125 0.00117188 0.741577
0.31625 0.0046875 0.60293
0.349375 0.0105469 0.482739
0.3825 0.01875 0.379688
0.415625 0.0292969 0.292456
0.44875 0.0421875 0.219727
0.481875 0.0574219 0.160181
0.515
0.075
0.1125
0.548125 0.0949219 0.0753662
0.58125 0.117188 0.0474609
0.614375 0.141797 0.0274658
0.6475 0.16875 0.0140625
0.680625 0.198047 0.00593262
0.71375 0.229687 0.00175781
0.746875 0.263672 0.000219727
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**
SLT

0.78
Sl

0.3
krg

0
krog

0.55
0.3
0
0.575 0.247192 0.000154321
0.6 0.200977 0.00123457
0.625 0.160913 0.00416667
0.65 0.126562 0.00987654
0.675 0.0974854 0.0192901
0.7 0.0732422 0.0333333
0.725 0.0533936 0.0529321
0.75
0.0375 0.0790123
0.775 0.0251221
0.1125
0.8 0.0158203 0.154321
0.825 0.00915527 0.205401
0.85 0.0046875 0.266667
0.875 0.00197754 0.339043
0.9 0.000585938 0.423457
0.925 7.32422e-005 0.520833
0.95
0 0.632099
0.975
0 0.758179
1
0
0.9
ADSCOMP 'Gel' WATER
ADSROCK 1
ADMAXT 4.5918e-6
ADRT 4.5918e-6
RRFT 80
ADSROCK 2
ADMAXT 2.0674e-6
ADRT 2.0674e-6
RRFT 40
ADSLANG 11.46181721 0 5.5485e+6
ADSPHBLK W
ADSTYPE KVAR
4*1 2*2
INITIAL
VERTICAL OFF
INITREGION 1
PRES CON
2000
TEMP CON
120
MFRAC_WAT 'Water' CON
1
MFRAC_OIL 'Dead_Oil' CON
1
NUMERICAL
TFORM ZT
ISOTHERMAL
RUN
DATE 2011 1 1
DTWELL 0.001
**
WELL 'Injector'
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INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 1.0 0.0 0.0 0.0 0.0
OPERATE MAX STW 34500.0 CONT REPEAT
OPERATE MAX BHP 4300.0 CONT REPEAT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF GEOA 'Injector'
** UBA
ff
Status Connection
111
1.0 OPEN FLOW-FROM 'SURFACE' REFLAYER
112
1.0 OPEN FLOW-FROM 1
113
1.0 OPEN FLOW-FROM 2
114
1.0 OPEN FLOW-FROM 3
115
1.0 OPEN FLOW-FROM 4
116
1.0 OPEN FLOW-FROM 5
**
WELL 'Producer'
PRODUCER 'Producer'
OPERATE MIN BHP 2000.0 CONT REPEAT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF GEOA 'Producer'
** UBA
ff
Status Connection
20 20 1
1.0 OPEN FLOW-TO 'SURFACE' REFLAYER
20 20 2
1.0 OPEN FLOW-TO 1
20 20 3
1.0 OPEN FLOW-TO 2
20 20 4
1.0 OPEN FLOW-TO 3
20 20 5
1.0 OPEN FLOW-TO 4
20 20 6
1.0 OPEN FLOW-TO 5
DATE 2011 5 31.00000
DATE 2011 10 28.00000
DATE 2012 3 26.00000
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 0.999996446 1.8033e-006 1.75081e-006 0.0 0.0
OPERATE MAX STW 34500.0 CONT REPEAT
OPERATE MAX BHP 4300.0 CONT REPEAT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF GEOA 'Injector'
** UBA
ff
Status Connection
111
1.0 CLOSED FLOW-FROM 'SURFACE' REFLAYER
112
1.0 CLOSED FLOW-FROM 1
113
1.0 CLOSED FLOW-FROM 2
114
1.0 CLOSED FLOW-FROM 3
115
1.0 OPEN FLOW-FROM 4
116
1.0 OPEN FLOW-FROM 5
DATE 2012 3 29.00000
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 1.0 0.0 0.0 0.0 0.0
OPERATE MAX STW 34500.0 CONT REPEAT
OPERATE MAX BHP 4300.0 CONT REPEAT

288
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF GEOA 'Injector'
** UBA
ff
Status Connection
111
1.0 OPEN FLOW-FROM 'SURFACE' REFLAYER
112
1.0 OPEN FLOW-FROM 1
113
1.0 OPEN FLOW-FROM 2
114
1.0 OPEN FLOW-FROM 3
115
1.0 OPEN FLOW-FROM 4
116
1.0 OPEN FLOW-FROM 5
DATE 2012 10 12.00000
DATE 2013 1 20.00000
DATE 2013 6 19.00000
DATE 2013 11 16.00000
DATE 2014 4 15.00000
DATE 2014 9 12.00000
DATE 2015 2 9.00000
STOP

APPENDIX A-2

Level 2 Base Case CMG STARS Code

RESULTS SIMULATOR STARS 202010
WRST TNEXT
INUNIT FIELD
WSRF WELL 1
WSRF GRID TIME
WSRF SECTOR TIME
OUTSRF GRID MOLE ADSORP PPM ADSPCMP FLUXRC FPOROS KRG KRO KRW PPM
LLKVCMP PRES RFG RFO
RFW SG SLD-SP SO SOLCONC SW TEMP VELOCRC VISOCOM VISW VISWCOM
WATFRFL WATMOB
OUTSRF WELL LAYER NONE
OUTSRF SPECIAL MASSFRAC 'Producer' 'Polymer' WATER
RESTART_SR2 MAIN
WPRN GRID 0
OUTPRN GRID NONE
OUTPRN RES NONE
** Distance units: ft
RESULTS XOFFSET
0.0000
RESULTS YOFFSET
0.0000
RESULTS ROTATION
0.0000 ** (DEGREES)
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0
** ***************************************************************************
** Definition of fundamental cartesian grid
** ***************************************************************************
GRID VARI 50 16 1
KDIR DOWN
DI IVAR
10*1 10*11 30*46
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DJ JVAR
3*150 4*11 1 5*11 3*150
DK ALL
800*20
DTOP
800*30
PERMI JVAR
7*1245 62250 8*1245
PERMJ EQUALSI
PERMK EQUALSI
** 0 = null block, 1 = active block
NULL CON
1
POR CON 0.236
** 0 = pinched block, 1 = active block
PINCHOUTARRAY CON
1
END-GRID
ROCKTYPE 1
CPOR 1e-6
** Model and number of components
MODEL 6 6 6 5
COMPNAME 'SFB' 'Polymer' 'Xlinker' 'Gel' 'PreGel' 'Dead_Oil'
** PVT set
PVTSET 1
CMM
18.01528 10000 206 10000 10000 323.4
PCRIT
7519 7519 7519 7519 7519 3135
TCRIT
212 220 220 220 220 705
SOLID_DEN 'Gel' 62.4 0 0 0
MASSDEN
62.4 62.4 62.4 62.4 62.4 59.525
AVISC
1.07 656.55 1.07 8000 299.3 1000
BVISC
000000
VSMIXCOMP 'Polymer'
VSMIXENDP 0 9.04514E-06
VSMIXFUNC 0 0.7 0.8 0.87 0.91 0.93 0.96 0.98 0.99 0.995 1
*SHEARTHIN 0.3 0.19249
*SHEARTHICK 1.452 38.498 291.201
** PVT set
PVTSET 2
CMM
18.01528 10000 206 10000 10000 323.4
PCRIT
7519 7519 7519 7519 7519 3135
TCRIT
212 220 220 220 220 705
SOLID_DEN 'Gel' 62.4 0 0 0
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MASSDEN
62.4 62.4 62.4 62.4 62.4 59.525
AVISC
1.07 656.55 1.07 299.3 299.3 1000
BVISC
000000
VSMIXCOMP 'Polymer'
VSMIXENDP 0 9.04514E-06
VSMIXFUNC 0 0.7 0.8 0.87 0.91 0.93 0.96 0.98 0.99 0.995 1
*SHEARTHIN 0.3 0.19249
*SHEARTHICK 1.01 38.498 10
PRSR 14.7
TEMR 77
PSURF 14.7
TSURF 77
** Reaction specification
STOREAC
010000
STOPROD
000100
FREQFAC 3
PTYPE JVAR
7*1 2 8*1
ROCKFLUID
RPT 1 WATWET
**
Sw
krw
krow
SWT
0.3
0
1
0.325 0.00117188 0.878906
0.35 0.0046875 0.765625
0.375 0.0105469 0.660156
0.4 0.01875 0.5625
0.425 0.0292969 0.472656
0.45 0.0421875 0.390625
0.475 0.0574219 0.316406
0.5
0.075
0.25
0.525 0.0949219 0.191406
0.55 0.117187 0.140625
0.575 0.141797 0.0976562
0.6 0.16875 0.0625
0.625 0.198047 0.0351562
0.65 0.229687 0.015625
0.675 0.263672 0.00390625
0.7
0.3
0
**
Sl
krg
krog
SLT
0.3
0.55
0
0.34375 0.483398 0.00390625
0.3875 0.421094 0.015625
0.43125 0.363086 0.0351562
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0.475 0.309375 0.0625
0.51875 0.259961 0.0976562
0.5625 0.214844 0.140625
0.60625 0.174023 0.191406
0.65 0.1375
0.25
0.69375 0.105273 0.316406
0.7375 0.0773437 0.390625
0.78125 0.0537109 0.472656
0.825 0.034375 0.5625
0.86875 0.0193359 0.660156
0.9125 0.00859375 0.765625
0.95625 0.00214844 0.878906
1
0
1
ADSCOMP 'Gel' WATER
ADSTABLE
** Mole Fraction Adsorbed moles per unit pore volume
0
0
9e-6
6.33503E-06
ADSROCK 1
RRFT 466.8
PORFT 1
ADRT 6.33503E-06
ADMAXT 6.33503E-06
ADSROCK 2
RRFT 23340.65
PORFT 1
ADRT 6.33503E-06
ADMAXT 6.33503E-06
RTYPE CON
1
ADSTYPE JVAR
7*1 2 8*1
INITIAL
VERTICAL OFF
INITREGION 1
REFPRES 1600
REFDEPTH 3600
PRES CON
1600
TEMP CON
70
MFRAC_WAT 'SFB' CON
1
NUMERICAL
DTMIN 1e-11
MAXSTEPS 999999
MAXPRES 145000000
TFORM ZT
ISOTHERMAL
NEWTONCYC 30
NCUTS 45
MATBALITER 30
MATBALTOL 0.01
RUN
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DATE 2018 10 1
DTWELL 0.01
**
WELL 'Injector'
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 1.0 0.0 0.0 0.0 0.0 0.0
OPERATE MAX STW 1263.3 CONT
OPERATE MAX BHP 1e+12 CONT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF
GEO 'Injector'
** UBA
ff
Status Connection
111
1.0 OPEN FLOW-FROM 'SURFACE' REFLAYER
121
1.0 OPEN FLOW-FROM 1
131
1.0 OPEN FLOW-FROM 2
141
1.0 OPEN FLOW-FROM 3
151
1.0 OPEN FLOW-FROM 4
161
1.0 OPEN FLOW-FROM 5
171
1.0 OPEN FLOW-FROM 6
181
1.0 OPEN FLOW-FROM 7
191
1.0 OPEN FLOW-FROM 8
1 10 1
1.0 OPEN FLOW-FROM 9
1 11 1
1.0 OPEN FLOW-FROM 10
1 12 1
1.0 OPEN FLOW-FROM 11
1 13 1
1.0 OPEN FLOW-FROM 12
1 14 1
1.0 OPEN FLOW-FROM 13
1 15 1
1.0 OPEN FLOW-FROM 14
1 16 1
1.0 OPEN FLOW-FROM 15
**
WELL 'Producer'
PRODUCER 'Producer'
OPERATE MIN BHP 500.0 CONT
** UBA
ff
Status Connection
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF
GEO 'Producer'
** UBA
ff
Status Connection
50 1 1
1.0 OPEN FLOW-TO 'SURFACE' REFLAYER
50 2 1
1.0 OPEN FLOW-TO 1
50 3 1
1.0 OPEN FLOW-TO 2
50 4 1
1.0 OPEN FLOW-TO 3
50 5 1
1.0 OPEN FLOW-TO 4
50 6 1
1.0 OPEN FLOW-TO 5
50 7 1
1.0 OPEN FLOW-TO 6
50 8 1
1.0 OPEN FLOW-TO 7
50 9 1
1.0 OPEN FLOW-TO 8
50 10 1
1.0 OPEN FLOW-TO 9
50 11 1
1.0 OPEN FLOW-TO 10
50 12 1
1.0 OPEN FLOW-TO 11
50 13 1
1.0 OPEN FLOW-TO 12
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50 14 1
1.0 OPEN FLOW-TO 13
50 15 1
1.0 OPEN FLOW-TO 14
50 16 1
1.0 OPEN FLOW-TO 15
TRIGGER 'Trigger-2' ON_WELL 'Producer' WCUT > 0.9 APPLY_TIMES 1
DTWELL 0.001
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 0.999990955 9.04514e-06 0.0 0.0 0.0 0.0
OPERATE MAX STW 842.25 CONT
OPERATE MAX BHP 1e+12 CONT
END_TRIGGER
TRIGGER 'Trigger-3' ON_WELL 'Injector' 'Producer' MPAS M2 > 0.00045 APPLY_TIMES 1
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 1.0 0.0 0.0 0.0 0.0 0.0
OPERATE MAX STW 1263.3 CONT
OPERATE MAX BHP 1e+12 CONT
END_TRIGGER
TRIGGER 'Trigger-3' ON_WELL 'Injector' 'Producer' MPAS M4 > 0.00045 APPLY_TIMES 1
INJECTOR UNWEIGHT 'Injector'
INCOMP WATER 1.0 0.0 0.0 0.0 0.0 0.0
OPERATE MAX STW 1263.3 CONT
OPERATE MAX BHP 1e+12 CONT
END_TRIGGER
DATE 2018 10 1.18600
DATE 2018 10 1.25
DATE 2018 10 1.50
DATE 2018 10 1.75
DATE 2018 10 2
DATE 2018 10 3.18600
DATE 2018 10 4.18600
DATE 2018 10 5
DATE 2018 10 5.18600
DATE 2018 10 5.68600
DATE 2018 10 6.18600
DATE 2018 10 6.68600
DATE 2018 10 6.75600
DATE 2018 10 7.18600
DATE 2018 10 7.68600
DATE 2018 10 7.98801
DATE 2018 10 8.18600
DATE 2018 10 8.68600
DATE 2018 10 9.18600
DATE 2018 10 9.55801
DATE 2018 10 9.68600
DATE 2018 10 10.18600
DATE 2018 10 10.68600
DATE 2018 10 10.79003
DATE 2018 10 11.19000
DATE 2018 10 11.68600
DATE 2018 10 12.18600
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DATE 2018 10 12.36003
DATE 2018 10 12.68600
DATE 2018 10 13.18600
DATE 2018 10 13.59205
DATE 2018 10 13.68600
DATE 2018 10 14.18600
DATE 2018 10 14.68600
DATE 2018 10 15.16205
DATE 2018 10 16
DATE 2018 10 17
DATE 2018 10 18
DATE 2018 10 19
DATE 2018 10 20
DATE 2018 10 21
DATE 2018 10 22
DATE 2018 10 23
DATE 2018 10 24
DATE 2018 10 25
DATE 2018 10 26
DATE 2018 10 27
DATE 2018 10 28
DATE 2018 10 29
DATE 2018 10 30.43
DATE 2018 11 1
DATE 2018 11 15.16205
DATE 2018 12 15.16205
DATE 2019 1 15.16205
DATE 2019 2 15.16205
DATE 2019 3 15.16205
DATE 2019 4 15.16205
DATE 2019 5 15.16205
DATE 2019 6 15.16205
DATE 2019 7 15.16205
DATE 2019 8 15.16205
DATE 2019 9 15.16205
DATE 2019 10 15.16205
DATE 2019 11 15.16205
DATE 2019 12 15.16205
DATE 2020 1 15.16205
DATE 2021 1 15.16205
DATE 2022 1 15.16205
DATE 2023 1 15.16205
DATE 2024 1 15.16205
DATE 2025 1 15.16205
DATE 2026 1 15.16205
DATE 2027 1 15.16205
DATE 2028 1 15.16205
DATE 2029 1 15.16205
DATE 2030 1 15.16205
DATE 2031 1 15.16205
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DATE 2032 1 15.16205
DATE 2033 1 15.16205
DATE 2034 1 15.16205
DATE 2035 1 15.16205
DATE 2036 1 15.16205
DATE 2037 1 15.16205
DATE 2038 1 15.16205
DATE 2039 1 15.16205
DATE 2040 1 15.16205
DATE 2041 1 15.16205
DATE 2042 1 15.16205
DATE 2043 1 15.16205
DATE 2044 1 15.16205
DATE 2045 1 15.16205
DATE 2046 1 15.16205
DATE 2047 1 15.16205
DATE 2048 1 15.16205
DATE 2049 1 15.16205
DATE 2050 1 15.16205
DATE 2050 1 16.16205
DATE 2050 2 15.16015
STOP

APPENDIX A-3

Non-equilibrium Blockage Sample Case CMG STARS Code

**In this model user was interested injectiong water along with some solid particles. When solid
particles enter the reservoir
**it should plugg the area around wellbore resulting in decrease in injectivity.
**The best way to model this scenario is to use the fines migration model. The fines migration
model is used to model the
**permeability plugging due to fines migration that is triggered by a reduction in salt
concentration or increase in temperature.
**We can use the fines migration model exactly as it is, except that the component "LINEFINE"
is not required because
**the solid component is injected with water rather than existing in the rock. The keyword
"BLOCKAGE" will take care of the
**permeability plugging and the solid component "DEPFINE" created from the reaction will
handle the reduction in porosity.
RESULTS SIMULATOR STARS 200900
** ============== INPUT/OUTPUT CONTROL ======================
TITLE1 '2-D Areal Producer Injector Pair'
*INUNIT *FIELD
WRST TIME
WPRN GRID TIME
WPRN SECTOR TIME
WSRF GRID TIME
WSRF SECTOR 1
OUTPRN WELL ALL
OUTPRN GRID BPP MASDENO MOLDENO PRES SG SO SW TEMP VISG VISO X
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YZ
OUTSRF GRID FPOROS GASMOB KRG KRO KRW MASDENO MOLDENO OILMOB
PERMEFFI PERMEFFJ PERMEFFK
PERMI PERMINTI PERMINTJ PERMINTK PERMJ PERMK PRES RFG RFO RFW SG
SO SOLCONC SW TEMP VISCVELW VISG VISO VISW VPOROS W WATMOB
XYZ
**Output in Result 3D:
**Void Porosity: It's user input porosity with keyword POR
**Porosity-Current: Its the current fluid porosity
**Porosity-Effective Current: Its the same as Porosity-Current. It will be different in case you
have NETPAY or Net to Gross ratio.
RESULTS XOFFSET
0.0000
RESULTS YOFFSET
0.0000
RESULTS ROTATION
0.0000 **$ (DEGREES)
**$ ***************************************************************************
**$ Definition of fundamental cartesian grid
**$ ***************************************************************************
GRID VARI 10 10 1
KDIR DOWN
DI IVAR
10*100
DJ JVAR
10*100
DK ALL
100*10
DTOP
100*2000
**$ 0 = null block, 1 = active block
NULL CON
1
**$
POR CON 0.2
PERMI CON 1000.0
PERMJ EQUALSI * 1
PERMK EQUALSI * 0.1
**$ 0 = pinched block, 1 = active block
PINCHOUTARRAY CON
1
END-GRID
ROCKTYPE 1
PRPOR 1300.
CPOR 0.0
ROCKCP 35.
THCONR 24.
THCONW 24.
THCONO 24.
THCONG 24.
HLOSSPROP OVERBUR 35. 24.
UNDERBUR 35. 24.
PERMCK 5 **Permeability is a function of fluid porosity via the Carmen-Kozeny type formula
**$ Model and number of components
**$ Model and number of components
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MODEL 5 4 4 2
COMPNAME 'Water' 'SolnFine' 'Dead_Oil' 'Soln_Gas' 'DepFine'
CMM
0 12 869.9 26.3627 12
PCRIT
0 0 0 667.009
TCRIT
0 0 0 -115.554
KV1
0.0 0 0 12345.7
KV2
0.0 0 0 -0.000440008
KV3
0.0 0 0 18.6777
**Note: Assigning KV4=1 for 'SolFine' since I don't want it to partition in gas phase. Making all
KV to zero (as we do for water)
**will make simulator to take default partitioning values from water component.
KV4
0.0 1 0 -1583.98
KV5
0.0 0 0 -446.782
PRSR 14.7
TEMR 125.6
PSURF 14.7
TSURF 100
**$ Surface conditions
SURFLASH W W O G
SOLID_DEN 'DepFine' 165.434 0 0
MASSDEN
62.1603 62.1603 58.5073 21.495
CP
3e-006 3e-006 5.01e-006 5.01e-006
CT1
0.000150621 0.000150621 0.00102442 0.00102442
DNMIXCOMP 'Soln_Gas'
DNMIXENDP 0 0.52
DNMIXFUNC 0 0.0902324 0.1508 0.2028 0.2548 0.3068 0.3588 0.41133 0.453215 0.491053
0.52
VISCTABLE
**$ temp
41 2.85154 2.85154 513737 51030.1 ** Live oil visc (P=1014.7) = 153325
59 2.1308 2.1308 43468.9 4317.81 ** Live oil visc (P=1014.7) = 12973.3
77 1.67306 1.67306 7137.05 708.931 ** Live oil visc (P=1014.7) = 2130.05
95 1.35196 1.35196 1715.79 170.431 ** Live oil visc (P=1014.7) = 512.076
120 1.05387 1.05387 351.583 34.9232 ** Live oil visc (P=1014.7) = 104.93
125.6
1
1
258 25.6274 ** Live oil visc (P=1014.7) = 77
150 0.805958 0.805958 77.3484 7.6831 ** Live oil visc (P=1014.7) = 23.0846
200 0.573408 0.573408 17.5792 1.74616 ** Live oil visc (P=1014.7) = 5.2465
245 0.444894 0.444894 6.18137 0.614002 ** Live oil visc (P=1014.7) = 1.84483
290 0.359972 0.359972 2.59376 0.257641 ** Live oil visc (P=1014.7) = 0.774107
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335 0.308928 0.308928 1.23393 0.122567 ** Live oil visc (P=1014.7) = 0.368265
380 0.270027 0.270027 0.644728 0.0640416 ** Live oil visc (P=1014.7) = 0.192419
425 0.239352 0.239352 0.362287 0.0359863 ** Live oil visc (P=1014.7) = 0.108124
470 0.214747 0.214747 0.215747 0.0214304 ** Live oil visc (P=1014.7) = 0.0643896
515 0.194018 0.194018 0.134721 0.013382 ** Live oil visc (P=1014.7) = 0.0402075
560 0.174833 0.174833 0.0875124 0.0086927 ** Live oil visc (P=1014.7) = 0.026118
605 0.161141 0.161141 0.058775 0.00583819 ** Live oil visc (P=1014.7) = 0.0175414
650 0.148224 0.148224 0.0406186 0.00403469 ** Live oil visc (P=1014.7) = 0.0121226
695 0.137348 0.137348 0.0287741 0.00285817 ** Live oil visc (P=1014.7) = 0.00858763
740 0.127844 0.127844 0.0208294 0.00206901 ** Live oil visc (P=1014.7) = 0.00621653
785 0.119431 0.119431 0.0153687 0.00152659 ** Live oil visc (P=1014.7) = 0.00458679
VSMIXCOMP 'Soln_Gas'
VSMIXENDP 0 0.52
VSMIXFUNC 0 0.0423589 0.0847177 0.127077 0.169435 0.214975 0.267746 0.320517
0.373531 0.43124 0.52
**$ effplt rrsft
BLOCKAGE ALL 'DepFine'
0.01 1e+006
0.1 316228
1 100000
10 31622.8
100 10000
1000 3162.28
10000 1000
**$ Reaction specification
STOREAC
01000
STOPROD
00002
RPHASE
01000
RORDER
01000
FREQFAC 0.0005
EACT 0
** ============== ROCK-FLUID PROPERTIES ======================
*ROCKFLUID
*RPT 1
*SWT
**
**Sw Krw* Kro*
0.186000 0.000000 0.872000 0.000000
0.209000 0.000100 0.811000 0.000000
0.231000 0.000200 0.752000 0.000000
0.253000 0.000300 0.694000 0.000000
0.276000 0.000400 0.638000 0.000000
0.298000 0.000800 0.583000 0.000000
0.321000 0.001400 0.529000 0.000000
0.343000 0.002200 0.477000 0.000000
0.365000 0.003400 0.426000 0.000000
0.388000 0.005000 0.378000 0.000000
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0.410000 0.007000 0.330000 0.000000
0.433000 0.009400 0.285000 0.000000
0.455000 0.012400 0.242000 0.000000
0.477000 0.016000 0.200000 0.000000
0.500000 0.020300 0.162000 0.000000
0.522000 0.025300 0.125000 0.000000
0.544000 0.031000 0.092000 0.000000
0.567000 0.037600 0.061000 0.000000
0.589000 0.045100 0.035000 0.000000
0.612000 0.053600 0.013000 0.000000
0.633000 0.062000 0.000000 0.000000
**1.000 0.374 0
*SLT
**
0.495000 0.120000 0.000000 0.000000
0.515300 0.111100 0.013320 0.000000
0.535500 0.102500 0.032800 0.000000
0.555800 0.094040 0.055570 0.000000
0.576000 0.085870 0.080770 0.000000
0.596300 0.077940 0.107960 0.000000
0.616500 0.070280 0.136830 0.000000
0.636800 0.062890 0.167190 0.000000
0.657000 0.055770 0.198890 0.000000
0.677300 0.048950 0.231800 0.000000
0.697500 0.042430 0.265820 0.000000
0.717800 0.036220 0.300890 0.000000
0.738000 0.030360 0.336920 0.000000
0.758300 0.024850 0.373870 0.000000
0.778500 0.019720 0.411680 0.000000
0.798800 0.015000 0.450310 0.000000
0.819000 0.010730 0.489720 0.000000
0.839300 0.006971 0.529880 0.000000
0.859500 0.003795 0.570750 0.000000
0.879800 0.001342 0.612310 0.000000
0.900000 0.000000 0.654530 0.000000
1.000000 0.000000 0.872000 0.000000
** ============== INITIAL CONDITIONS ======================
*INITIAL
*VERTICAL *DEPTH_AVE
**$ Data for PVT Region 0
**$ ------------------------------------*REFDEPTH 2005.
*REFPRES 1300.0
**$ RESULTS PROP TEMP Units: F
**$ RESULTS PROP Minimum Value: 125.6 Maximum Value: 125.6
TEMP CON 125.6
MFRAC_WAT 'Water' CON
1
MFRAC_OIL 'Soln_Gas' CON 0.523603
MFRAC_OIL 'Dead_Oil' CON 0.476397
** ============== NUMERICAL CONTROL ======================
*NUMERICAL
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RUN **
DATE 1990 01 01.
DTWELL 1.
WELL '0583'
PRODUCER '0583'
OPERATE MAX STO 100.0 CONT
OPERATE MIN BHP 20. CONT
**
Rw Geofac wfac skin
**$
rad geofac wfrac skin
GEOMETRY K 0.458 0.5 1. 0.
PERF GEO '0583'
**$ UBA ff Status Connection
1 1 1 1. OPEN FLOW-TO 'SURFACE'
**$
**Usually we defined the concentration of solid particles in water as PPM (like salt disolved in
water 10,000 PPM= 0.01 wt fraction).
**Actually 10,000 ppm means 10,000 mg in 1Kg (1000g). Hence a simple solution is as under;
1000g contains 10,000mg or
**1000g contain 10 gm. Hence 100g will contains 1 grams. So it means water has 1 wt% of
solute because % means amount present in 100 grams
**or we can say 0.01 wt fraction of solute.
**In the simulator we always assign these values as mole fraction:
**Weight fraction to mole fraction: Xi =(Wti/MWi)/(Sum(Wti/Mwi) =
(0.01/12)/((0.01/12)+(0.99/18))= 0.0149
**Mole fraction to weight fraction: Wti = Xi*Mwi/(Sum(Xi*Mwi)
WELL 'Inj'
INJECTOR MOBWEIGHT EXPLICIT 'Inj'
INCOMP WATER 0.9851 0.0149 0. 0.
TINJW 125.6
QUAL 0.
PINJW 1000.
OPERATE MAX BHP 5000. CONT
**$
rad geofac wfrac skin
GEOMETRY K 0.28 0.249 1. 0.
PERF GEO 'Inj'
**$ UBA ff Status Connection
10 10 1 1. OPEN FLOW-FROM 'SURFACE'
DATE 1991 01 01.
DATE 1992 01 01.
DATE 1993 01 01.
DATE 1994 01 01.
DATE 1995 01 01.
DATE 1996 01 01.
DATE 1997 01 01.
DATE 1998 01 01.
DATE 1999 01 01.
DATE 2000 01 01.
DATE 2001 01 01.
DATE 2002 01 01.
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DATE 2003 01 01.
DATE 2004 01 01.
DATE 2005 01 01.
DATE 2010 01 01.
STOP

APPENDIX A-4

Preformed Gel Simulation Case CMG STARS Code

RESULTS SIMULATOR STARS 202010
**Commented out by CMOST WRST TNEXT
INUNIT FIELD
WSRF WELL 1
WSRF GRID TIME
WSRF SECTOR TIME
OUTSRF GRID MOLE ADSORP PPM ADSPCMP FLUXRC FPOROS KRG KRO KRW PPM
LLKVCMP PRES RFG RFO
RFW SG SLD-SP SO SOLCONC SW TEMP VELOCRC VISOCOM VISW VISWCOM
WATFRFL WATMOB
OUTSRF WELL LAYER NONE
OUTSRF SPECIAL MOLEFRAC 'OUTLET' 'Gel' WATER
REWIND 1
RESTART_SR2 MAIN
WPRN GRID 0
OUTPRN GRID NONE
OUTPRN RES NONE
** Distance units: ft
RESULTS XOFFSET
0.0000
RESULTS YOFFSET
0.0000
RESULTS ROTATION
0.0000 ** (DEGREES)
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0
** ***************************************************************************
** Definition of fundamental cartesian grid
** ***************************************************************************
GRID VARI 45 25 1
KDIR DOWN
DI IVAR
10*0.1 9*1 9*10 13*100 90 9 0.9 0.1
DJ JVAR
40 10*1 0.1 0.06 0.1 10*1 40
DK ALL
1125*20
DTOP
1125*30
PERMI JVAR
12*1050 232036.41 12*1050
PERMJ CON 0
PERMK EQUALSI
** 0 = null block, 1 = active block
NULL CON
1
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POR JVAR
12*0.2 0.99 12*0.2
** 0 = pinched block, 1 = active block
PINCHOUTARRAY CON
1
END-GRID
ROCKTYPE 1
CPOR 1e-6
** Model and number of components
MODEL 3 3 3 2
COMPNAME 'SFB' 'Gel' 'Dead_Oil'
** PVT set
PVTSET 1
CMM
18.01528 10 323.4
PCRIT
7519 7519 3135
TCRIT
212 220 705
SOLID_DEN 'Gel' 62.4 0 0 0
MASSDEN
62.4 62.4 59.525
AVISC
1.07 487.5 286.3
BVISC
000
VSMIXCOMP 'Gel'
VSMIXENDP 0 0.008964
VSMIXFUNC 0 0.062057059 0.212503396 0.3854045 0.526535889 0.640239946 0.734360391
0.814352245 0.883801037 0.945121796 1
*SHEARTHIN 0.32 560
** PVT set
PVTSET 2
CMM
18.01528 10 323.4
PCRIT
7519 7519 3135
TCRIT
212 220 705
SOLID_DEN 'Gel' 62.4 0 0 0
MASSDEN
62.4 62.4 59.525
AVISC
1.07 20000000 286.3
BVISC
000
VSMIXCOMP 'Gel'
VSMIXENDP 0 0.008964
VSMIXFUNC 0 0.062057059 0.212503396 0.3854045 0.526535889 0.640239946 0.734360391
0.814352245 0.883801037 0.945121796 1
PRSR 14.7
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TEMR 77
PSURF 14.7
TSURF 77
PTYPE JVAR
12*2 1 12*2
ROCKFLUID
RPT 1 WATWET
**
Sw
krw
krow
SWT
0.17
0
1
0.2 0.000195313 0.823975
0.23 0.00078125 0.669922
0.26 0.00175781 0.536377
0.29 0.003125 0.421875
0.32 0.00488281 0.324951
0.35 0.00703125 0.244141
0.38 0.00957031 0.177979
0.41
0.0125
0.125
0.44 0.0158203 0.0837402
0.47 0.0195312 0.0527344
0.5 0.0236328 0.0305176
0.53 0.028125 0.015625
0.56 0.0330078 0.0065918
0.59 0.0382812 0.00195313
0.62 0.0439453 0.000244141
0.65
0.05
0
**
Sl
krg
krog
SLT
0.17
0.18
0
0.20625 0.158203 0.00390625
0.2425 0.137813 0.015625
0.27875 0.118828 0.0351563
0.315 0.10125 0.0625
0.35125 0.0850781 0.0976563
0.3875 0.0703125 0.140625
0.42375 0.0569531 0.191406
0.46
0.045
0.25
0.49625 0.0344531 0.316406
0.5325 0.0253125 0.390625
0.56875 0.0175781 0.472656
0.605 0.01125 0.5625
0.64125 0.00632813 0.660156
0.6775 0.0028125 0.765625
0.71375 0.000703125 0.878906
0.75
0
1
ADSCOMP 'Gel' WATER
ADSTABLE
** Mole Fraction Adsorbed moles per unit pore volume
0
0
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0.000005
0.008964
ADMAXT 0.029143418
ADRT 0.029143418
PORFT 1
RRFT 1

0.008
0.008964

INITIAL
VERTICAL OFF
INITREGION 1
REFPRES 14.7
REFDEPTH 0
PRES CON
14.7
TEMP CON
77
MFRAC_WAT 'SFB' CON
1
NUMERICAL
DTMIN 1e-11
MAXSTEPS 999999
MAXPRES 145000000
TFORM ZT
ISOTHERMAL
NEWTONCYC 30
NCUTS 45
MATBALITER 30
MATBALTOL 0.1
RUN
DATE 2020 1 1
DTWELL 1e-002
**
**
**
WELL 'INLET'
INJECTOR MOBWEIGHT IMPLICIT 'INLET'
INCOMP WATER 0.991035999 0.00896400128 0.0
OPERATE MAX STW 600.0 CONT
OPERATE MAX BHP 200000000.0 CONT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF TUBE-END 'INLET'
** UBA
ff
Status Connection
1
1
1
1
CLOSED
FLOW-FROM
1
2
1
1
CLOSED
FLOW-FROM
1
3
1
1
CLOSED
FLOW-FROM
1
4
1
1
CLOSED
FLOW-FROM
1
5
1
1
CLOSED
FLOW-FROM
1
6
1
1
CLOSED
FLOW-FROM
1
7
1
1
CLOSED
FLOW-FROM
1
8
1
1
CLOSED
FLOW-FROM
1
9
1
1
CLOSED
FLOW-FROM
1
10
1
1
CLOSED
FLOW-FROM

'SURFACE'
1
2
3
4
5
6
7
8
9

REFLAYER
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1
11
1
1
CLOSED
FLOW-FROM
1
12
1
1
CLOSED
FLOW-FROM
1
13
1
1
OPEN FLOW-FROM 12
1
14
1
1
CLOSED
FLOW-FROM
1
15
1
1
CLOSED
FLOW-FROM
1
16
1
1
CLOSED
FLOW-FROM
1
17
1
1
CLOSED
FLOW-FROM
1
18
1
1
CLOSED
FLOW-FROM
1
19
1
1
CLOSED
FLOW-FROM
1
20
1
1
CLOSED
FLOW-FROM
1
21
1
1
CLOSED
FLOW-FROM
1
22
1
1
CLOSED
FLOW-FROM
1
23
1
1
CLOSED
FLOW-FROM
1
24
1
1
CLOSED
FLOW-FROM
1
25
1
1
CLOSED
FLOW-FROM
**
WELL 'OUTLET'
PRODUCER 'OUTLET'
OPERATE MIN BHP 14.7 CONT
**
rad geofac wfrac skin
GEOMETRY K 0.25 0.249 1.0 0.0
PERF TUBE-END 'OUTLET'
** UBA
ff
Status Connection
45
1
1
1
CLOSED
FLOW-TO
45
2
1
1
CLOSED
FLOW-TO
45
3
1
1
CLOSED
FLOW-TO
45
4
1
1
CLOSED
FLOW-TO
45
5
1
1
CLOSED
FLOW-TO
45
6
1
1
CLOSED
FLOW-TO
45
7
1
1
CLOSED
FLOW-TO
45
8
1
1
CLOSED
FLOW-TO
45
9
1
1
CLOSED
FLOW-TO
45
10
1
1
CLOSED
FLOW-TO
45
11
1
1
CLOSED
FLOW-TO
45
12
1
1
CLOSED
FLOW-TO
45
13
1
1
OPEN FLOW-TO
12
45
14
1
1
CLOSED
FLOW-TO
45
15
1
1
CLOSED
FLOW-TO
45
16
1
1
CLOSED
FLOW-TO
45
17
1
1
CLOSED
FLOW-TO
45
18
1
1
CLOSED
FLOW-TO
45
19
1
1
CLOSED
FLOW-TO
45
20
1
1
CLOSED
FLOW-TO
45
21
1
1
CLOSED
FLOW-TO
45
22
1
1
CLOSED
FLOW-TO
45
23
1
1
CLOSED
FLOW-TO
45
24
1
1
CLOSED
FLOW-TO
45
25
1
1
CLOSED
FLOW-TO
DATE 2020 1 1.00069
DATE 2020 1 1.00139

10
11
13
14
15
16
17
18
19
20
21
22
23
24

'SURFACE'
1
2
3
4
5
6
7
8
9
10
11
13
14
15
16
17
18
19
20
21
22
23
24

REFLAYER
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DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1

1.00208
1.00278
1.00347
1.00417
1.00486
1.00556
1.00625
1.00694
1.00764
1.00833
1.00903
1.00972
1.01042
1.01111
1.01181
1.01250
1.01319
1.01389
1.01458
1.01528
1.01597
1.01667
1.01736
1.01806
1.01875
1.01944
1.02014
1.02083
1.02153
1.02222
1.02292
1.02361
1.02431
1.02500
1.02569
1.02639
1.02708
1.02778
1.02847
1.02917
1.02986
1.03056
1.03125
1.03194
1.03264
1.03333
1.03403
1.03472
1.03542
1.03611
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DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1
DATE 2020 1

1.03681
1.03750
1.03819
1.03889
1.03958
1.04028
1.04097
1.04167
1.08333
1.12500
1.16667
1.20833
1.25000
1.29167
1.33333
1.37500
1.41667
1.45833
1.50000
1.54167
1.58333
1.62500
1.66667
1.70833
1.75000
1.76667
2.00000
2.16667
2.33333
2.50000
2.66667
2.83333
3.00000
3.16667
3.33333
3.50000
3.66667
3.83333
4.00000
4.16667
4.33333
4.50000
4.66667
4.83333
5.00000
5.16667
5.33333
5.50000
5.66667
5.83333
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DATE 2020 1 6.00000
DATE 2020 1 6.16667
DATE 2020 1 6.33333
DATE 2020 1 6.50000
DATE 2020 1 6.66667
DATE 2020 1 6.83333
DATE 2020 1 7.00000
DATE 2020 1 7.16667
DATE 2020 1 7.33333
DATE 2020 1 7.50000
DATE 2020 1 7.66667
DATE 2020 1 7.83333
DATE 2020 1 8.00000
DATE 2020 1 8.16667
DATE 2020 1 8.33333
DATE 2020 1 8.50000
DATE 2020 1 8.66667
DATE 2020 1 8.83333
DATE 2020 1 9.00000
DATE 2020 1 9.16667
DATE 2020 1 9.33333
DATE 2020 1 9.50000
DATE 2020 1 9.66667
DATE 2020 1 9.83333
DATE 2020 1 10.00000
DATE 2020 1 10.16667
DATE 2020 1 10.33333
DATE 2020 1 10.50000
DATE 2020 1 10.66667
DATE 2020 1 10.83333
DATE 2020 1 11.00000
DATE 2020 1 12.00000
DATE 2020 1 13.00000
DATE 2020 1 14.00000
DATE 2020 1 15.00000
DATE 2020 1 16.00000
DATE 2020 1 17.00000
DATE 2020 1 18.00000
DATE 2020 1 19.00000
DATE 2020 1 20.00000
DATE 2020 1 21.00000
DATE 2020 1 22.00000
DATE 2020 1 23.00000
DATE 2020 1 24.00000
DATE 2020 1 25.00000
DATE 2020 1 26.00000
DATE 2020 1 27.00000
DATE 2020 1 28.00000
DATE 2020 1 29.00000
DATE 2020 1 30.00000
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DATE 2020 1 31.00000
DATE 2020 2 1.00000
DATE 2020 2 2.00000
DATE 2020 2 3.00000
DATE 2020 2 4.00000
DATE 2020 2 5.00000
DATE 2020 2 6.00000
DATE 2020 2 7.00000
DATE 2020 2 8.00000
DATE 2020 2 9.00000
DATE 2020 2 10.00000
DATE 2020 2 11.00000
DATE 2020 2 12.00000
DATE 2020 2 13.00000
DATE 2020 2 14.00000
DATE 2020 2 15.00000
DATE 2020 2 16.00000
DATE 2020 2 17.00000
DATE 2020 2 18.00000
DATE 2020 2 19.00000
DATE 2020 2 20.00000
DATE 2020 2 21.00000
DATE 2020 2 22.00000
DATE 2020 2 23.00000
DATE 2020 2 24.00000
DATE 2020 2 25.00000
DATE 2020 2 26.00000
DATE 2020 2 27.00000
DATE 2020 2 28.00000
DATE 2020 2 29.00000
DATE 2020 3 1.00000
STOP

APPENDIX B.
CMG STARS MENU FOR GEL TREATMENT
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This Appendix states a menu of CMG STARS for gel treatment simulation. The
menu contains three levels of gel treatment simulations, which gradually increase the
complexity of numerical simulations and the considered mechanisms. Readers can select
the major mechanisms for their needs and ignore/simplify the other mechanisms to
improve the numerical complexities.
Basic knowledge of CMG STARS:
CMG STARS is a simulator of the undisputed industry standard for the advanced
modelling of recovery processes involving thermal recovery, complex wellbore, chemical
EOR, geomechanics. The complete simulation model including input “.dat” file which is
in FORTRAN, status file “.log”, “.error”, and output file “.out”, “.result”, “.sr3” (.irf in
old version).
The gel related units used in CMG STARS are different from those commonly
used in lab. For convenience, we have summarized the unit conversion listed below. The
related unit conversion can be easily applied in excel file:
https://1drv.ms/x/s!Anoi54uULsZHi6EQ277psDuRq6ahqA?e=rh6Uag. Here we
represent a sample: Suppose Gel Mole Weight=104 lb/lbmole or g/gmol or Dalton, Water
Mole Weight=18 lb/lbmole, g/gmol or Dalton.
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛: 1 𝑝𝑝𝑚 = 1

𝑚𝑔

𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒: 𝑤𝑡% =
𝑝𝑝𝑚

𝑀𝑎𝑠𝑠 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛: 𝑤𝑡 = 1×106 =
𝑀𝑜𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛: 𝑥𝑔𝑒𝑙 =

(1)

𝑙

𝑤𝑡𝑔𝑒𝑙
𝑀𝑊𝑔𝑒𝑙
𝑤𝑡𝑖
∑𝑛𝑐
𝑖 𝑀𝑊
𝑖

𝑝𝑝𝑚
1×104

=

𝑝𝑝𝑚
𝑀𝑊

𝑤𝑡%
100

=

𝑤𝑡𝑔𝑒𝑙
10000
𝑤𝑡𝑔𝑒𝑙 1−𝑤𝑡𝑔𝑒𝑙
+
10000
18

(2)
(3)

(4)
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For example, if gel concentration is 2000 ppm, then: 𝑤𝑡𝑔𝑒𝑙 = 0.002,
=> 𝑥𝑔𝑒𝑙 =

0.002
10000
0.002
1−0.002
(
)+
10000
18

= 4.514𝐸 − 6

(5)

We need to convert the unit because STARS use mole fraction as default but in
lab, we usually use unit ppm for the gel’s concentration. For adsorption unit, common
Lab unit: adsorption density: mg/g. Simulator unit: Cads : gmole/cm3. For instance, given:
Gelant density: g/cm3. Gelant MW: g/gmole. The conversion is listed below using
Equation 6.
𝑔𝑚𝑜𝑙𝑒

𝐶𝑎𝑑𝑠 (

𝑐𝑚3

) = (62.4 ∗

𝑙𝑏𝑚𝑜𝑙𝑒
𝑓𝑡3

) = 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑚𝑔
𝑔

) ∗ 10−3 ∗

𝑔

𝐺𝑒𝑙𝑎𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑐𝑚3) / 𝐺𝑒𝑙𝑎𝑛𝑡 𝑀𝑊 (𝑔𝑚𝑜𝑙𝑒)

(6)

Level 1. Basic Simulation of In-situ Gel Treatment:
With contents in this level, readers can obtain the most fundamental knowledge to
simulate an in-situ gel system including the polymer and crosslinker (gelant) injection
process, gelation reaction process and gel retention process. The complete input file is
listed in Appendix A-1. The contents in basic model can be input and edited in
BUILDER.
This model simulates a conceptual six-layer reservoir with I direction 20 grids
equal to J direction. Horizontal permeability is 100 md for top four layers and 10000 md
for bottom two layers. The vertical permeability is 0.1 times horizontal permeability for
all layers.
This basic model contains a compositional model of five components ‘Water’,
‘Polymer’, ‘Xlinker’, ‘Gel’, ‘Dead_Oil’ in two phases ‘Aqueous phase’ and ‘Oleic
phase’.
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With this model, we can achieve mechanisms:
•

Nonlinear viscosity of polymer solution.

•

Gelation. (Polymer+Crosslinker=>Gel)

•

Gel adsorption as a solid immobile phase component.

•

Nonlinear viscosity
For polymer viscosity, we have to, at least, consider its concentration dependent

behavior, because, in weight percentage, the fraction of polymer in solution is very
limited (e.g. 0.5 %wt), but the viscosity can change a lot from water viscosity 1cp to
polymer viscosity (e.g. 100 cp). If needed, salinity and temperature effect should also be
concerned. The concentration dependent means when concentration of polymer or gel
increase in water, the viscosity will increase correspondingly. The conversion is quite
complex, so we have summarize the conversion procedures in excel file:
https://1drv.ms/x/s!Anoi54uULsZHgfozqWlb7eEFjGG6jA?e=bXmRrq. This behavior
can be denoted by Figure B.1 below:

Figure B.1. Mixture viscosity vs polymer concentration profile from lab experiments.
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How does simulator treat the nonlinear viscosity component?
STARS used F(x) to describe the changing of viscosity depend on mole fraction
of component i. F(x) =

((1−xi )∗ln(𝜇𝛼 )−∑𝑛𝑐
𝑗≠𝑖 𝑥𝑗 ∗ln(𝜇𝑗 ))
(1−𝑥𝑖 )∗ln(𝜇𝑖 )−∑𝑛𝑐
𝑗≠𝑖 𝑥𝑗 ∗ln(𝜇𝑗 )

. STARS uses two parts of components

group to fitting in the nonlinear viscosity mixture. For example, we use component ‘Gel’
as the nonlinear part and water as linear part. We denote water mole fraction as 𝑋𝑤 , gel
mole fraction 𝑋𝑔 . Then we know:
𝑋𝑤 + 𝑋𝑔 = 1

(7)

ln(𝜇) = ∑𝑖 𝑥𝑖 𝑙𝑛𝜇𝑖 , 𝑤ℎ𝑒𝑟𝑒 𝑖 = 𝑔, 𝑤, 𝑝

(8)

Since we have to consider alternate mole fraction of nonlinear component, we
replace 𝑋𝑔 by 𝐹𝑔 (𝑋𝑔 ), and 𝑁 ∗ 𝑋𝑤 which is linear term. Where 𝑁 is a normalizing factor
balancing the original Equation(7) to Equation(9):
𝐹𝑔 (𝑋𝑔 ) + 𝑁 ∗ 𝑋𝑤 = 1
=> 𝑁 =

(9)

[1−𝐹𝑔 (𝑋𝑔 )]

(10)

[𝑋𝑤 ]

So, when mole fraction 𝑋𝑔 ∈ [𝑋𝑙𝑜𝑤 , 𝑋ℎ𝑖𝑔ℎ ], 𝐹𝑔 (𝑋𝑔 ) will be set using Table 1.
𝐹1

If 𝑋𝑔 < 𝑋𝑙𝑜𝑤 , 𝐹𝑔 (𝑋𝑔 ) = 𝑋𝑔 ∗ (𝑋

𝑙𝑜𝑤

),

𝑤ℎ𝑒𝑟𝑒 𝐹1 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑒𝑛𝑡𝑟𝑦 𝑖𝑛 𝑡𝑎𝑏𝑙𝑒 1, 𝑖𝑛 𝑜𝑢𝑟 𝑐𝑎𝑠𝑒 𝑒𝑞𝑢𝑎𝑙 0.
1−𝐹

Else if 𝑋𝑔 > 𝑋ℎ𝑖𝑔ℎ , 𝐹𝑔 (𝑋𝑔 ) = 𝐹11 + (𝑋𝑔 − 𝑋ℎ𝑖𝑔ℎ ) ∗ 1−𝑋 11 ,where F11 is the last
ℎ𝑖𝑔ℎ

entry in Figure B.2.
How is the 𝐹(𝑋) generated?
Still, suppose we have only one nonlinear component ‘Gel’ with pure gel
viscosity 𝜇𝑔 , mole fraction 𝑋𝑔 , function 𝐹𝑔 (𝑋𝑔 ) and balancing factor 𝑁. Linear term only
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water, mole fraction 𝑋𝑤 . Then with nonlinear mixing rule, the mixture viscosity 𝜇 has
following relationship:
ln(𝜇) = 𝐹𝑔 (𝑋𝑔 ) ∗ ln(𝜇𝑔 ) + 𝑁 ∗ 𝑋𝑤 ∗ ln(𝜇𝑤 )
Recall we have 𝑁 =

(11)

[1−𝐹𝑔 (𝑋𝑔 )]
𝑋𝑤

, substituting 𝑁 in Equation (11), we can get

Equation (12):
ln(𝜇) = 𝐹𝑔 (𝑋𝑔 ) ∗ ln(𝜇𝑔 ) +

[1−𝐹𝑔 (𝑋𝑔 )]
𝑋𝑤

∗ 𝑋𝑤 ∗ ln(𝜇𝑤 )

(12)

Simplified, we have Equation (13):
[ln(𝜇)−ln(𝜇𝑤 )]

𝐹𝑔 (𝑋𝑔 ) = [ln(𝜇

𝑔 )−ln(𝜇𝑤 )]

(13)

The viscosity vs concentration of gel in water can be obtained in lab experiments.
Then we use range of concentration (0~2.25475E-6 in this case from lab data in Figure
15) to be variable 𝑋𝑔 in nonlinear viscosity option. μα = 6 ∗ 1012 𝑥 2 − 4 ∗ 106 𝑥 +
1.3795 . In this case, results show Figure B.2:

Figure B.2. Input for nonlinear viscosity in CMG STARS
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Example:
Three sets of data were collected: maximum concentration of gel = 1000 ppm,
which in simulator ~ 1.8E-6 mole fraction and it’s same for three sets. Three
concentration dependent viscosity profile having linear, second order and thrid order
relationship, shows Figure B.3:

Viscosity vs Concentration
Apparent Viscosity

3.50E+02
3.00E+02
2.50E+02
2.00E+02
y = 1.76E+8x + 1.3795

1.50E+02
1.00E+02
5.00E+01
0.00E+00
0.00E+00

4.00E-07

8.00E-07

1.20E-06

Set 1

y = 1E+14x2 - 4E+06x + 1.3795

Set 2

y =5.5E+19x3-1.5E+6x+1.3795

Set 3

1.60E-06

2.00E-06

Concentration

Figure B.3. Apparent viscosity vs concentration profile

With the lab data, we know that pure gel viscosity for three sets of gel are same =
319 cp.
Then with Equation (11), we can get F(x) to be in Table B.1:
The difference between three different sets of gel viscosity distribution is not
obvious. But compare the difference for the trail part of gel slug, it’s not hard to see the
apparent viscosity change at different rate with same concentration of gel.
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Table B.1. three sets of Sample input
X_MIN
X_MAX
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11

SET 1
0
1.80E-06
0
0.236469561
0.444073853
0.580838537
0.680237719
0.757909277
0.82153959
0.87538857
0.922045536
0.963196786
1

SET 2
0
1.80E-06
0
0.607228402
0.723810021
0.792906607
0.842186497
0.880518782
0.911894195
0.938454196
0.961482106
0.981808038
1

SET 3
0
1.80E-06
0
0.062057059
0.212503396
0.3854045
0.526535889
0.640239946
0.734360391
0.814352245
0.883801037
0.945121796
1

Set 1 with linear relationship has the highest viscosity, followed by set 2 and set 3
has the lowest viscosity. This result matches the lab curve we have: when concentration
is close to maximum, the viscosity for three sets of gel get closer and closer value
converging to pure gel viscosity. However, when concentration of gel is low, set 3 has the
lowest viscosity then set2 and set 1.
Gelation:
Gelation contains a process from polymer and crosslinker to gel. The time that
takes from mixing of polymer and crosslinker to formed gel is called a gelation time. This
model contains a simplified reaction schemes that are commonly used in simulation work
to reduce running time. For traditional method, gelation reaction rates are modeled by
Equation14, 15& 16.
dCp
𝑑𝑡
dCx
𝑑𝑡
dCg
𝑑𝑡

= −(𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ 𝐶𝑝0

(14)

= −(𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ 𝐶𝑥0

(15)

= (𝐾1 𝐶𝑝 𝐶𝑥 ) ∗ (𝐶𝑝0 + 𝐶𝑥0 )

(16)
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𝐾1 is the reaction frequency that is based on the Arrhenius equation with reaction
constant 𝐾1 defined using Equation 17.
Ea

K1 = A ∗ eRT

(17)

The gelation half time for traditional method (t g1) is calculated using a special
analytical solution of the reaction kinetics, which is shown in Equation 18.
t g1 = 𝐾

1

(18)

1 𝐶𝑝 𝐶𝑥

This reaction frequency is the constant input that is used in CMG STARS. The
keyword is FREQFAC.
Gel retention:
In this basic model, we only consider the adsorption of gel on rock surface.
1

Adsorption is the main part in Equilibrium blockage modulus. If 𝐶

𝑎𝑑

1

∝𝐶

𝑎𝑞

linearly, then

we can use Langmuir Isotherm assuming:
=> 𝐶𝑎𝑑 =

(𝑡𝑎𝑑1+𝑡𝑎𝑑2∗𝑥𝑛𝑎𝑐𝑙)∗𝐶𝑎𝑞
1+𝑡𝑎𝑑3∗𝐶𝑎𝑞

tad1

tad2

(𝑡𝑎𝑑3)∗𝐶𝑎𝑞

= (tad3 + tad3 ∗ 𝑥𝑛𝑎𝑐𝑙) ∗ 1+𝑡𝑎𝑑3∗𝐶

𝑎𝑞

(19)

where, 𝐶𝑎𝑑 is general form of adsorption concentration (gmol/m3, lbmol/ft3, gmol/cm3),
𝐶𝑎𝑞 is general form of aqueous phase concentration (mole fraction), 𝑡𝑎𝑑1, 𝑡𝑎𝑑2, 𝑡𝑎𝑑3
coefficients inputs which constrains a linear coefficient relationship with salinity (𝑥𝑛𝑎𝑐𝑙).
Input tad3 is Langmuir coefficient for adsorption isotherm. Maximum adsorption
happens when (Caq ∗ tad3)/(1 + Caq ∗ 𝑡𝑎𝑑3)~1. Then maximum adsorption
tad1

tad2

*ADMAXT=(tad3 + tad3 ∗ 𝑥𝑛𝑎𝑐𝑙). In STARS, this happens default at Caq ∗ 𝑡𝑎𝑑3 ≥ 10.
If we modify the Equation(12) not considering salinity effect (tad2=0), it will be easier to
get lab data fit:
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1
𝐶𝑎𝑑

1

1

1

1

= 𝑡𝑎𝑑1/𝑡𝑎𝑑3 ∗ 𝑡𝑎𝑑3 ∗ 𝐶 + 𝑡𝑎𝑑1/𝑡𝑎𝑑3
𝑎𝑞

−1
−1
=> 𝐶𝑎𝑞
= 𝑎1 𝐶𝑎𝑑
+ 𝑎2

(20)
(21)

It’s quite clear when lab data could be used to configure 𝑎1 , 𝑎2 to fit specified
linear gel adsorption performance with slope a1 and y-axis interception a2 .
Equilibrium blockage leading to permeability reduction (RK α ) can be achieved by:
𝑅𝐾𝛼 = 1 + (𝑅𝑅𝐹 − 1) ∗

𝐶𝑖,𝑎𝑑 (𝐶𝑖,𝑎𝑞 ,𝑇)
𝐴𝐷𝑀𝐴𝑋𝑇

(22)

where RRF is residual resistant factor set by user, Ci,ad is adsorbed concentration of
blocking component i, 𝐶𝑖,𝑎𝑞 is aqueous phase concentration of blocking component i.
ADMAXT is maximum adsorption concentration of rock for component i.
The equilibrium blockage level can be modified by input parameter RRF and
ADMAXT. It’s obviously that higher RRF will consequently have higher RK α at relative
grids and higher ADMAXT will makes the grids more difficult to reach RRF we set.
To explain this input and how to calculate based on lab experiments, we made an
example from Bai et al., (2009)’s lab data. The paper concluded Lignosite 100 calcium
lignosulfonate (CLS) adsorption on dolomite in three types of adsorption kinetics fitting
and modeling of two kinds of Isotherms using Langmuir Equation and Freundlich
Equation. Let’s use equations from this literature.
Langmuir model case, where, in this literature, q e is adsorption density at
equilibrium, which in STARS equation corresponding to Cad . Ce is equilibrium
concentration, which corresponding to aqueous phase concentration Caq . Langmuir
coefficient K L equals to a1 = 𝑎2 .
1
qe

=𝑞

1

𝑚𝑎𝑥 𝐾𝐿

1
𝐶𝑒

+𝑞

1

𝑚𝑎𝑥

(23)
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Suppose we have CLS adsorption and desorption Isotherms showing in Figure
B.4 below:

Figure B.4. CLS adsorption and desorption (Bai et al., 2009)

We need to transfer unit to simulator unit, result shown in Table B.2:

Table B.2. Conversion for Simulator input
Process

Input

q_max (gmole/cm3)

K_L (dim)

Adsorption tad1=2.3235E-5, tad3=230

1.01022E-07

230

Desorption tad1=0.00125337, tad3=2.09E4

5.99697E-08

20900

Because tab3 in STARS is dimensionless, we need to transfer L/mg to mg/mg.
Unit L is referred to water property so water density 1g/ml was used. Since STARS
doesn’t provide a desorption function, we use reversible input parameter *ADRT =
0.4*ADMAXT, which from q_max ratio to describe the desorption process. RRFT=500.
Input UI shown below in Figure B.5:
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Figure B.5. Input UI data setting in Builder

CLS was injected using mole fraction=1.768% for 27min. Injection rate was 0.5
cm3/min. So the total injection is 13.5 cm3. Because the Langmuir coefficient we used
here is relatively small for adsorption, the mole fraction was suggested to be higher to
fulfill *ADMAXT requirement. Otherwise, the reversible effect will not appear since the
adsorption density is not reaching the residual adsorption level.
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Frendlich model case. Freundlich isotherm model is an empirical equation which
is used for non-ideal adsorption that involves heterogeneous sorption. Linear form is
Equation 25.
1
𝑛

q e = 𝐾𝐹 𝐶𝑒

(24)
1

log(q e ) = log(𝐾𝐹 ) + 𝑛 log(𝐶𝑒 )

(25)

Data shows in following Figure B.6:

Figure B.6. CLS adsorption and desorption (Bai et al., 2009)

Figure B.7. Conversion data for input of simulator STARS

STARS does not have a Freundlich isotherm model available but we can use more
data point to fit the equation. Data unit and input transferred below in Figure B.7:
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The input logic is:
ADSTABLE
Ce_simu (mole fraction)

1

qe_simu (gmole/cm3) 1

Ce_simu (mole fraction)

2

qe_simu (gmole/cm3) 2

Ce_simu (mole fraction)

3

qe_simu (gmole/cm3) 3

…
If temperature is related, we can write the input logic like this:
ADSTABLE
TEMP temperature (Celsius) 1
Ce_simu (mole fraction)

11

qe_simu (gmole/cm3) 11

…
TEMP temperature (Celsius) 2
Ce_simu (mole fraction)

21

qe_simu (gmole/cm3) 21

Level 2. Advanced Simulation of In-situ Gel and Preformed Gel Treatment:
In this sub-section, we will add some advanced settings that are coding-based to
fulfill the needs of the critical mechanisms of gel treatment. Most of the modifications
cannot be edited in BUILDER and have to be edited in .dat file in Notepad or CEDIT
software.
The main mechanisms that can be fully or partially achieved include:
•

Non-uniform grid system.

•

Polymer rheology.

•

K dependent rheology.

•

Delayed gelation.
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•

Gel retention includes entrapment.

•

Relative permeability modifier effect.

•

Selective penetration.

•

Preformed gel dehydration in fractures
The reference .dat file is listed in APPENDIX A-2. The sample cases listed in

each mechanism discussion are not necessarily same as the one provided in this .dat file.
Students can modify the .dat file based on the introduction in each mechanism discussion.
Non-uniform grid properties:
For gel treatment, we care about porosity and permeability of the grids, which
induce the heterogeneity and anisotropy behavior that conformance control can deal with.
However, in Builder UI, we can only set permeability (i, j, k direction) and porosity for
each layer only one constant value. For example, the Cartesian reservoir below Figure
B.8: (this example is different from the base case provided for this level 2 instruction).

Figure B.8. Illustration of non-uniform permeability grids

325
If we want to build a model with permeability K1 at Blue area marked on the plot
and K2 at Red area. Builder UI doesn’t allow us to do so. As a result, we need to change
this property using *MOD keyword in .dat file. The correlation on code is shown below
in Figure B.9:

Figure B.9. Modification for non-uniform Grids

Instead of setting the whole layer permeability K2=10000 md, we set the
specified area marked as red zones to have permeability K2=10000 md and any other
grids in this layer marked as blue have permeability K1=100. The same procedure can
apply to other properties like porosity. Also, this method fits all kind of reservoir model.
Polymer rheology:
The polymer rheology can be achieved using Velocity/Shear Rate Dependent
Viscosity. The shear rate or velocity dependent viscosity behavior can be measured by
rheometer in lab and denoted in simulator using keyword *SHEARTHIN. Whether shear
rate dependent or velocity dependent need to be decleared using keyword
*SHEAREFFEC *SHV for velocity or *SHEAREFFEC *SHR for shear rate in
input/output section. Or use *SHEARTAB to input shear viscosity profile manually.
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SHEAR/Velocity dependent viscosity is required to be accompany with concentration
dependent viscosity Keyword *VSMIXCOMP, because a component with nonlinear
behavior need to be defined first. Conversion from velocity to shear rate follows
Canelle’s Model.
The shear thinning model in STARS uses power law equation: (SPE 13967, SPE
13504, SPE 10290)
𝜇𝑔 = 𝜇0 , 𝑤ℎ𝑒𝑛 𝑢 < 𝑢𝐿𝑜𝑤
𝜇𝑔 = 𝜇0 ∗ [ 𝑢

𝑢

𝐿𝑜𝑤

]

𝑛𝑡ℎ𝑖𝑛 −1

, 𝑤ℎ𝑒𝑛 𝑢 ∈ [𝑢𝐿𝑜𝑤 , 𝑢𝐻𝑖𝑔ℎ ]

𝜇𝑔 = 𝜇𝑤 , 𝑤ℎ𝑒𝑛 𝑢 > 𝑢𝐻𝑖𝑔ℎ

(26)
(27)
(28)

where,𝜇𝑔 is apparent gel viscosity. 𝜇0 is static gel viscosity. 𝜇𝑤 is water
viscosity. 𝑢𝐿𝑜𝑤 , 𝑢𝐻𝑖𝑔ℎ are the lower and higher limit for the nonlinear period. 𝑢 is
apparent velocity of the fluid. 𝑛 is shear thinning power that we can modify based on lab
result.
For shear rate dependent, just change velocity 𝑢 by 𝛾.
Equations are the same because it’s relationship between two ratios, which is
dimensionless. For example in Figure B.10:
With data in the Figure B.11, we can calculate the slope to be -0.5. So, 𝑛𝑡ℎ𝑖𝑛 −
1=slope=-0.5. As a result, n=0.5. Then we can specify: SHEARTHIN 0.5 0.1 shown in
Figure B.10.
Notes: here we use lab unit for velocity 𝑢𝑙𝑜𝑤 = 0.1 𝑐𝑚/𝑚𝑖𝑛. For field unit, use
𝑢𝑙𝑜𝑤 = 4.72 𝑓𝑡/𝑑
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𝜇0

𝜇𝑤

𝑢𝐿𝑜𝑤

𝑢𝐻𝑖𝑔ℎ

Figure B.10. Viscosity vs Velocity profile sample lab data

Figure B.11. *SHEARTHIN keyword input

Also, we can use shear table to fit the nonlinear viscosity behavior. Format as
follows in Figure B.12. For velocity dependent:

Figure B.12. Table input for *SHEARTAB
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Same, if the data we have is shear rate, just change velocity to corresponding
shear rate. Following are three cases of different shear thinning coefficients. Since shear
table input is very directly, here we list a *SHEARTHIN keyword input example.
Suppose we have three sets of gelants having viscosity behavior fitting shear thinning
equation (8), with threshold velocity uLow = 0.001 𝑐𝑚/𝑚𝑖𝑛, 1 cm/min, 10 cm/min. It
means before velocity get this value, the viscosity of mixture which here refer to gelants
equals to pure gel viscosity (μg ). Suppose pure gel viscosity=1000 cp. Three sets of
gelants are shown in Table B.3:

Table B.3. Shear thinning input
n_thin

Set 1

Threshold
Velocity
cm/min
0.001

->

Input to CMG STARS

0.9

Set 1

Set 2

0.1

0.83333

Set 2

Set 3

10

0.5

Set 3

In this example, three sets of gelants (Figure B.13) are assumed to have same pure
gel viscosity and water viscosity. But the changing rates depending on velocity and start
points of shear thinning effects are different.
Due to both non-linear viscosity and shear effect can influence the polymer
viscosity, the sequency of two effects are vitally important. With the given information
from CMG, we have the sequency stated in Figure B.14 that denotes the different
sequencies of IMEX, GEM and STARS.
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Apparent Gelant Viscosity, cp

Three Sets of Gelant Viscosity vs Shear Velocity
1000

1000

1000

1000

1000

1000

794.3282347
630.9573445

681.2920691
501.1872336

464.1588834
398.1071706
316.227766 316.227766

300
0.0001

0.001

0.01

0.1

1

10

100

Velocity, cm/min
V_low=0.001, n_thin=0.9

V_low=1, n_thin=0.75

V_low=10, n_thin=0.5

Figure B.13. Three sets of gelants viscosity vs shear velocity

Figure B.14. Sequencies of Viscosity Influencing Effects

1000
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K dependent rheology:
As described in paper VI, many researchers stated that the polymer rheology can
be different in matrices and fractures. (.dat file see Appendix A-2)

Figure B.15. Multiple PVT Table for K dependent polymer rheology

Figure B.16. K Dependent Rheology
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Thus, based on the different formation properties, polymer properties need to be
changed. In newer version of STARS (2019 and later), multiple PVT tables are available
in compositional model. The settings are shown in Figure B.15.
In this way, we can achieve the different rheology in matrices that set as PVTSET
1 and fractures that set as PVTSET 2. The rheology can be plotted as Figure B.16.
Delayed gelation:
As discussed in paper IV, in normal situation, the gelation starts from very
beginning, but in the situation with some additives, the gelation could be delayed for indepth treatment objectives.

Figure B.17. Setup for delayed gelation using K-factor
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To simulate this phenomenon, we can apply the K-factor in STARS.
There are two different diverted reaction equilibrium keywords including
*RXEQFOR for forward diverted equilibrium and *RXEQBAK for backward diverted
equilibrium. As a sample code of forward diverted equilibrium, it’s been shown in Figure
B.17.
In fact, this K-factor can apply to many influencing factors on the reaction. The
K-factor function includes the pressure, mole fraction, temperature and reference
concentration. The relationship between these factors and reaction equilibrium could be
proportional and inversely. The calculation equation is listed in Equation 29.
𝑟𝑥𝑘1

𝐾 − 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑝, 𝑇) = (

𝑝

𝑟𝑥𝑘4

+ 𝑟𝑥𝑘2 ∗ 𝑝 + 𝑟𝑥𝑘3) ∗ 𝐸𝑋𝑃(𝑇−𝑟𝑥𝑘5)

(29)

All parameters rxk1, rxk2, rxk3, rxk4, rxk5 are specifying one dimension of Kfactor in terms of influencing factors. Rxk1 controls scale change of reciprocal of
pressure 1/p; rxk2 controls scale change of pressure p; rxk3 directly controls the reaction
diversion; rxk4 controls the scale change of temperature; rxk5 controls the difference
change of temperature. The reaction equilibrium is defined using 𝑥𝑒𝑞𝑢𝑖𝑙 which is the
reciprocal of K-factor. The calculations for two keywords *RXEQFOR and *RXEQBAK
are shown in Equation 30 and Equation 31.
∗ 𝑅𝑋𝐸𝑄𝐹𝑂𝑅: ∆𝑥 = max(0, 𝑥 − 𝑥𝑒𝑞𝑢𝑖𝑙 )

(30)

∗ 𝑅𝑋𝐸𝑄𝐵𝐴𝐾: ∆𝑥 = max (0, 𝑥𝑒𝑞𝑢𝑖𝑙 − 𝑥)

(31)

where, ∆𝑥 is the deviation from an equilibrium composition 𝑥𝑒𝑞𝑢𝑖𝑙 . For instance,
assuming that x refers polymer mole fraction. For forward reaction diversion, we have
polymer joining the reaction only if the mole fraction of polymer is higher than 𝑥𝑒𝑞𝑢𝑖𝑙 .
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For backward reaction diversion, we have polymer joining the reaction only if the
polymer mole fraction is lower than 𝑥𝑒𝑞𝑢𝑖𝑙 . If keyword *RXEQBASE is defined, the
𝑥

𝑏𝑎𝑠𝑒
𝑥𝑒𝑞𝑢𝑖𝑙 is calculated using 𝐾−𝑓𝑎𝑐𝑡𝑜𝑟
.

The physical meaning of the K values used in this option is specified by the
reaction stoichiometry keywords. Possible processes include gas-to/from-liquid; liquidto-liquid; or liquid-to-solid. However, if the table option *KVTABLE is used to specify
the K values, then the table limit parameters from previously specified K value tables are
employed. The keywords *GL and *LL indicate which equilibrium K value limit
parameters are employed. Thus, for example either *GL or *LL keywords can be
employed for a solid-liquid partial equilibrium process, as specified by the appropriate
reaction stoichiometry.
This option is useful in describing a rate-dependent approach to equilibrium, such
as in foamy oil modelling.
According to the keyword syntax, there must be a value for each one of the data
items after keyword *RXEQFOR or *RXEQBAK. If the correlation you wish to model is
a subset of the one shown above for K(p,T), then enter zero for each "unused" coefficient
rxk1 to rxk5. Whether or not rxk5 is "unused" depends on the temperature scale specified
in *INUNIT.
For example, assume that the input temperature scale specified via *INUNIT is
Celsius. We wish to assign a forward partial equilibrium K value for component 'Gas
Bubl' based on the correlation
𝐾1(𝑝, 𝑇) = ( 𝐴 / 𝑝 ) ∗ 𝑒𝑥𝑝 ( 𝐵 / 𝑇 )

(32)
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where T is absolute degrees, as is common. First, we must rewrite the desired correlation
in our input units
𝐾1(𝑝, 𝑇) = ( 𝐴 / 𝑝 ) ∗ 𝑒𝑥𝑝 ( 𝐵 / (𝑇𝐶 + 273) )

(33)

where TC is in the input temperature scale Celsius. We see that rxk5 is not "unused" but
has the value -273, since 0 K = -273 C.
The keyword data in this case is *RXEQFOR 'Gas Bubl' A 0 0 B -273.
Gel retention includes entrapment:
The entrapment mechanism is achieved using Non-equilibrium Blockage function
in STARS. When gel retained in the channel (high permeability zone), the concentration
captured by the rock is not only the adsorption but also a thin gel filter cake at the contact
area of the channel and matrix. This thin layer of gel will be blocking the gel penetrating
into the adjacent matrix. As a result, more gel will be contended in the target channel
zone which will increase gel treatment in channel and decrease the damage to the
potential oil zone in the matrix.
The reduction of permeability coming from non-equilibrium blockage is
calculated by Equation 34:
R f,α = Π𝑗 [1 + 𝑅𝑅𝑆𝐹𝑇𝐽 ∗ max(0, 𝐶𝑠𝑗 − 𝑠𝑙𝑑𝑚𝑖𝑛)]

(34)

where R f,α is the product of the resistance factor of each blocking component j to phase
α, Csj is the concentration of captured phase particles, and RRSFTj is looked up from the
flow restriction table shown in Figure B.18. Sldmin is minimum solid concentration for
blockage to start, which can be set by user. RRSFT need to be smaller than 1e6.
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There have to be a reaction corresponding to the blockage component, since solid
cannot move. Although the table is absolute permeability dependent, we can set input as
oil, water or gas phase blockage.

Figure B.18. Screen shot of Sample .dat file

For this case, blockage was assumed to influence oil phase effective permeability.
If we have the solid phase component ‘SolidGel’ concentration at specific grid is
0.0005636 lbmole/ft3. Absolute permeability at this grid is 10000. So, with help of the
table we designed, at ka=10000, rrsft=1000. Then using Equation 35, we can get:
(sldmin=0 in this case). Thus, the oil effective permeability is reduced by 1.56 times.
R f,o = Π𝑗 [1 + 𝑅𝑅𝑆𝐹𝑇𝑆𝑜𝑙𝑖𝑑𝐺𝑒𝑙 ∗ max(0, 𝐶𝑆𝑜𝑙𝑖𝑑𝐺𝑒𝑙 − 𝑠𝑙𝑑𝑚𝑖𝑛)] = 1 + 1000 ∗
0.0005636 = 1.5636

(35)

Relative permeability modifier effect:
The proposed mechanisms for RPM are numerous. One of the most agreed is the
segregated pathways for water and oil proposed by White (1973) and Nilsson (1998).
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Their theory based on the hydro-based gel that mostly flow through water pathway.
However, more recent studies have shown that additional to the monolayer adsorbed on
rock surface which decrease the water flow, gel can aggregate at the pore throat and
accumulate in the pore that decrease the all-phase flow, which is called a pore filling
behavior (Seright, 2009) and illustrated in Figure B.19 with water-wet condition. To
achieve this compound retention mechanism, we proposed a simulation method with both
adsorption and solid entrapment.

Solid Entrapment

Adsorption

Figure B.19. Gel Retention Result from Solid Entrapment and Adsorption on Water-wet
Rock

Equation 36 states Langmuir adsorption model and the corresponding
permeability reduction is calculated using Equation 37. This model describes the
adsorption along the aqueous phase pathway, which only decrease the effective
permeability of water, denoted as RKWads .
CW

CADS W
= (TAD1 + TAD2 ∗ CSEP,G ) ∗ 1+TADG3∗CW
G

(36)

G

CADS W

G
RKWG ADS = 1 + ADMAXT
∗ (FRR W MAX − 1)

(37)

RKAG ENTRAP = 1 + RRSFT ∗ MAX (0, CENTRAP G − SLDMIN )

(38)

RKWG = RKWG ADS ∗ RKAG ENTRAP

(39)
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RKOG = RKAG ENTRAP

(40)

The model of solid entrapment utilizes a concentration dependent function to
represent all phase permeability reduction, denoted as RKA, (Equation 38). This model
represents the reduction of effective permeability of all phases due to the pore filling gel.
Thus, the total effective permeability reduction of aqueous phase, RKW, and oleic phase,
RKO, caused by retention of component gel can be calculated by Equation 39 and
Equation 40 separately.
Here we provide a sample model that suggested by CMG operators. The .dat file
is detailed in Appendix A-3. This simple example model is used to show exactly as how
the calculations work behind the scene. I hope this will help to adjust students’ values
based on physics that are trying to model. The keyword we used to model the flow
restriction is BLOCKAGE (eg., Figure B.20).

Figure B.20. Blockage Setting input and relationship with absolute permeability

Phase: represent the phase to which flow restriction will be applied, oil, water ,
gas or ALL. Comp name: represent the component name whose captured concentration
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causes the flow restriction to vary. Here in this example in Figure B.21, we see that flow
restriction factor is decreasing as absolute permeability is increasing, indicating that as
perm increases there is less and less restriction to flow.
After running this model, we can visualize the "Water/Oil/Gas Resistance factor,
which is being calculated as: RFW = (1+ rrsft*Cs). Run the model and look at block 10
10 1 at last time i.e. end of simulation run. Perm=925.4765 md which gives rrsft=3749
from table above. Solid conc=0.19 lbmole/ft3. Therefore, RFW= (1+3749*0.19)= 713.3.
So, in reality, phase permeability is reduced by factor 713.3 to account for blockage =
(absolute perm) * (water relative perm) / RFW.
This will not affect the effective permeability of reservoir (only phase perm).
Effective perm of reservoir is control by compaction table. Shown in Figure B.21 and
Figure B.22, porosity reduction and Permeability calculation at block 10 10 1 at last time:
Solid conc, Cc = 0.19 lbmole/ft3, Molecular weight = 12 lb/lbmole, Solid density, rhos =
165.434 lb/ft3 (Use input with keyword SOLID_DEN above)
Fluid porosity (Porosity-Current) = Void porosity*(1-(Cc*MW/rhos)) = 0.2*(1(0.19*12/165.434)) = 0.1972. Permeability is a function of fluid porosity via the CarmenKozeny type formula i.e. K(ϕ) = Ko * [ ϕ/ϕo ] ^permck * [ (1-ϕo) / (1-ϕ) ] ^2.
Permeability = [1000*(0.1972/0.2)^5.0] * [(1-0.2)/(1-0.1972)]^2.0 = 925.47 mD
We can also output phase mobility: For example in Figure B.23, for water
=(absolute perm) * (water relative perm)/ viscosity. At block 10 10 1 at last time step:
viscosity=1 cp and water relative perm=0.0586 and PERMI=925.4765. So, water phase
mobility= (925.4765*0.0586)/1 = 54.23 md/cp.
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Figure B.21. Residual Resistance Factor to Oil

Figure B.22. Porosity reduction
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Figure B.23. Water phase mobility

As a result, we can see that using this method, the oil effective permeability is
reduced from 925md to 713 md at near injector grid and water effective permeability is
reduced from 925 md to 54 md at near injector grid. Thus, we achieved the RPM effect.
Selective penetration:
As reviewed in Paper I and Paper II, preformed bulk gel and preformed particle
gel can selectively penetrate into the open fractures and form filter cake on the surface of
matrices rock.
However, it is very difficult to simulate this phenomenon directly because the
penetration condition is influenced by many factors. One alternative is shut-in the
matrices perforation while open the fracture perforation during gel injection. This has
been applied in Level 1’s case. Another alternative is to use the skin factor at the matrices
perforations.
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Here we present the method to achieve selective penetration. This skin factor can
be simulated using keyword *WI. Specify well index wi directly. If index_keywords is
empty then *WI is assumed. If wi > 0 is specified, data corresponding to other columns
of index_keyword is ignored. The physical definition of wi depends upon the type of
well. Producer: The layer rate qj for each phase j at reservoir conditions is:
𝑞𝑗 = 𝑤𝑖 • 𝜆𝑗 • (𝑃𝑏𝑙𝑜𝑐𝑘 − 𝑃𝑤𝑒𝑙𝑙)

(41)

where λj is the mobility of phase j. Quantity wi is the constant geometric part of the well
index, has unit (md-m | md-ft | md-cm) and does not contain a mobility factor. Injector
(Mobility Weighted): The layer rate q for the injected phase at reservoir conditions is:
𝑞 = 𝑤𝑖 • 𝜆𝑇 • (𝑃𝑏𝑙𝑜𝑐𝑘 − 𝑃𝑤𝑒𝑙𝑙)

(42)

where λT is the total mobility. Quantity wi is the constant geometric part of the well
index, has unit (md-m | md-ft | md-cm) and does not contain a mobility factor. The total
mobility is that of the fluid phases in the grid block into which the well is injecting, so
this is a type of downstream mobility weighting. Injector (Mobility Unweighted): The
layer rate for the injected phase at reservoir conditions is:
𝑞 = 𝑤𝑖 • (𝑃𝑏𝑙𝑜𝑐𝑘 − 𝑃𝑤𝑒𝑙𝑙)

(43)

Quantity wi contains both the constant geometric part of the well index and the
downhole mobility of the injected phase, and has unit (m3/kPa-day | stb/psi-day or
scf/psi-day | cm3/kPa-day). The volume unit corresponds to the phase (liquid or gas)
being injected. This injector type is not allowed with *PERF_FLX. wi must be a positive
number. If wi is '-', the well index will be calculated internally:
𝑤𝑖 = 2𝜋 • 𝑓𝑓 • 𝑘ℎ • 𝑤𝑓𝑟𝑎𝑐/ [ 𝑙𝑛 (𝑟𝑒/𝑟𝑤) + 𝑠𝑘𝑖𝑛]

(44)
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As explained below and also in the manual page for the *GEOMETRY keyword.
It is allowable to specify well indices for certain perforations (wi > 0) and the other
perforations to have the well indices calculated according to the radial flow model (wi is
'-') within the same well. If it is not specified by keyword, each quantity required for
calculating well indices (ff, kh, re, rw, skin) will be obtained either from its default or an
internal calculation. The parameters are listed in Figure B.24.

Figure B.24. Parameter description as marked by STARS MENU

Three types of input could be selected including *KH, *SKIN and directly
changing *WI. Here we provide a sample modification on our Level 2’s base case shown
in Figure B.25. We add the wi at trigger-2. This trigger applies gelant injection after
water cut > 90% at ‘Producer’. Using trigger is a trick for gel treatment, because the time
for gel depends on the water cut and diffs case by case.
Other methods’ sample can be seen in STARS menu under keyword *PERF.
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Figure B.25. Modification of WI Setting for selective penetration

Preformed gel dehydration in fractures:
Simulating preformed gel is very challenging using CMG STARS, because the
gel flow is non-Darcy flow however the simulator only applies to Darcy flow. Besides,
the simulator does not have model to simulate the selective penetration, which causes the
preformed gel inevitably penetrating into matrices where it’s not supposed to. The hard
part to simulate selective penetration is the water can flow into matrices from fracture,
but gel cannot. However, in CMG STARS, both water and gel have to be set as
components in the same aqueous phase and the effective permeability or porosity is
applied to the phase rather than the component. Therefore, if we set matrices are not
accessible to gel, it’s not accessible to water either. Some may claim the keyword
*PORFT, which represents the accessible pore volume of specific component.
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We discussed this keyword in paper III that this keyword in STARS does not
apply to the concentration but only applies to the effective porosity. This means that if we
set *PORFT equal to a lower value for component gel, it will only increase the gel flow
velocity due to the flow rate is constant and effective porosity is decreased. Thus, gel will
flow faster into the matrices and what is worse is that the concentration of gel still keeps
the same, as discussed using samples in paper III. As a result, this keyword may work for
polymer flooding, but is definitely not working to restrict gel penetration into matrices.
Consequently, to simulate preformed gel, we have to add some assumptions.
With specific settings, we can partially simulate preformed gel treatment using
CMG STARS with qualified fitting on lab experiments. Although we can eligibly
simulate where gel distributes and how much gel is needed same as lab experimental
results, we should be careful to apply the model to guide the field applications.
The preformed gel model can be found in Appendix A-4.
The main inputs that are different from the in-situ gel model in previous section
include components, rheology model and retention model.
Component setting:
As shown in Figure B.26, the components contain water (SFB), gel, and dead oil.

Figure B.26. Components Setting

345
Preformed gel only contains one component, which is different from in-situ gel.
Rheology setting:
Although the rheology input only contains the viscosity and shear response
factors, it is not a simple work to fit the results. This is because the gel transport is not
same as the one expected by theoretical model, as detailly explained in paper VIII. Some
lab expert may suggest to direct fit gel rheology from the force balance theoretical model.
In fact, it may cause the results conflict. As shown in Figure B.27, what we input in
simulator includes dehydration rate, rate order, deviation factor, gel initial viscosity,
activation velocity, and shear factor. The output, what we need to fit, comes from the
combined and tangling effects from the input, which induce that we want to fit on one
end, like the breakthrough time, but lose the fit on the other end, like the pressure
gradient.

Figure B.27. Interference of input factors on output results
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Figure B.28. INPUT factors for rheology fitting

Therefore, the best way to fit the input rheology model is to use the CMG
CMOST. The parameter inputs for the fitting are shown in Figure B.28. The optimal
results have been shown in paper VIII. The final input for the rheology of preformed gel
can be referenced using Figure B.29.
Retention setting:
The retention of preformed gel in fracture contains the dehydrated gel, which
increases the concentration of injected gel.

Figure B.29. Rheology model input
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The actual concentration of retained gel is difficult to measure using lab
experiments. Thus, we used the breakthrough time as a fitting target to fit the retained gel
concentration (unit is density in STARS).

Figure B.30. Retention input of preformed gel

Due to single parameter influencing the retention, we can use direct fitting on
experimental data. Fitting result can be found in Paper VIII. The retention input shows in
Figure B.30.
Level 3. Problems, Improvements and Suggestions for Gel Simulation using CMG
STARS:
With previous two levels of gel simulation models, we can simulate the gel
treatment with some simplifications and considering multiple major mechanisms.
However, most of the mechanisms only can be fulfill partially. In this level’s contents,
we discuss some flaws and possible improvements on each of the mechanisms.
Non-linear viscosity:
The algorithm used in STARS to calculate the relationship between polymer
concentration and static viscosity is creative and is different from the conventional
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Meter’s model. The method can effectively consider multiple components that co-exist
and co-influence the static viscosity. However, some problems can be revealed.
First, due to the complicated calculation procedure, if more than one influencing
component like polymer and gel co-exist, the numerical complexity will be greatly
increased. The author tried to manually calculate the result and validate the simulated
result but failed. Without a good validation on the non-linear viscosity data, it is very
difficult to fit the lab result with the numerical models.
Second, the sequence of non-linear viscosity and shear dependent viscosity
models are not comfortable for lab data fitting. If shear dependent keywords exist,
STARS will calculate shear dependent rheology model first and then calculate the nonlinear viscosity mixing rule. The difference can be observed in Figure B.31. Sequence 1
is the general sequence that used in lab, which calculate non-linear viscosity first and
then calculate shear dependent viscosity.
Sequence 2 is the STARS sequence. The example assumes polymer of 1200 PPM
at shear velocity = 0.1 ft/d.

Figure B.31. Comparison of Two kinds of Sequences to Calculate polymer viscosity
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The results show that: Sequence 1: for 1200 PPM = 44.73, after shear = 36 cP;
Sequence 2: after shear = 64, for 1200 PPM = 30 cP.
We can see the difference between the results. For students without knowing this
problem, it is very easy to find that the simulated viscosity results are quite different from
input lab data even though every process is setup in good quality.
Gel rheology:
For common polymer rheology in polymer flooding, the rheology model used in
CMG STARS is well eligible. However, for flowing gel rheology especially considering
the threshold pressure (or pressure gradient), the rheology model in STARS is far from
enough.
The general method to simulate the threshold pressure of the flowing gel is using
a Bingham or Herschel-Bulkley rheology model that considers a yield stress, shown in
Figure B.32.

Figure B.32. Special rheology model illustration
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Unfortunately, in CMG STARS, these rheology models are not available (up to
CMG version 2020). Eclipse-100 provide eligible models for these special rheology
needs. The detail information and explanations can be seen in the word file:
https://1drv.ms/w/s!Anoi54uULsZHl-lIzngs9zjoa-lrwA?e=AITSOs.
In fact, to simulate the selective penetration of preformed gel effectively, the
eligibility of these special rheology models is the key. The methods introduced in Level 1
and Level 2 that control the perforation setting are just alternatives, because the
numerical methods do not match the mechanism’s physical meanings.
Although we can use alternative method to fit the lab results numerically, there
are plenty of factors not considered including the gel strength, gel hydraulic radius or gel
particle size, pore size, shear rate, and the degradations. On the other side, with models
such as the ones provided by Eclipse-100, these factors can be related if properly applied.
Future students are strongly suggested to take a try on the Eclipse-100 for the related
simulations.
K dependent rheology:
After CMG version 2019, the STARS is equipped with multiple PVT table option.
The method is very effective to simulate different rheology behavior of polymer in
fractures and matrices. However, the multiple PVT table option is low efficient if
multiple rheology models are applied. For gel simulation, the grids in fractures and near
fractures are necessarily small (e.g., 0.1 in3). If we apply the different PVT table on
biased grids boundaries like the contact between fracture and matrices, the simulation
time for field scale model can be largely increased. Thus, we suggest that the STARS can
provide multiple rheology model options in the same PVT table because the composition
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and PVT behavior of the polymer are actually not different in matrices and in fractures.
In this way, we believe the simulator solve efficiency can be improved.
Relative permeability modifier effect:
Currently, with introduction in Level 2’s contents, we have an eligible method to
simulate the relative permeability modifier effect of polymer gel. This method contains
two parts including the reduction of porosity, which decreases absolute permeability and
RKW, which decreases only water effective permeability.
The method is eligible, however, to fit the lab data, we need to consider a lot of
calculations from Frro to decreased absolute K and use Kozeny-carman equation to
calculate the reduction of porosity and from the reduction of porosity to entrapped mass
density of gel and to calculate the corresponding retained mole fraction of gel and convert
the result to keyword RRSFT. The process is trivial and both Frro and retained mass
density should match the lab result to ensure the simulation model is correct, which may
very easily lead students to dead end. An option for RPM effect can be easily achieved by
adding separated input Frrw, Frro and Frrg, therefore, we suggest the future CMG version
can add this function for the convenience of gel simulation studies.
Gel retention and dehydration:
As discussed in paper 1 and paper 2, the retained concentration of gel could be
higher than that injected, which causes the consumption of gel is higher than that
expected in FPV.
In Level 2’s model, we provided the method to simulate this phenomenon in a
constant retention model. However, even though the retention and dehydration process of
the preformed gel is fast, it takes time. The dehydration process is studied by Seright,
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(2003) and the water leak-off rate can be seen in Figure B.33. The leak-off rate decreases
quickly in one day and becomes very limited (<0.03 ft/d) after one day. This leak-off rate
is critical because for lab experiments, the cores are very short (1 ft), and the flow flux is
high (4130 ft/d) in order to overcome the threshold pressure gradient to extrude gel into
the fracture, and the time is commonly very short to push gel from inlet to outlet.
Therefore, it is very possible that the leak-off is not finished when gel reaches outlet.
Thus, the reason for earlier breakthrough FPV at high flow flux than later breakthrough
FPV at low flow flux may be mainly result from the leak-off rate instead of the shear
effect.

Figure B.33. Leakoff Rate versus Time in days (Seright, 2001)

One possible method to simulate the dehydration process is adding a reaction
flowing gel -> dehydrated gel with a reaction rate = leak-off rate. However, the difficult
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part of this method is that the leak-off rate is nonlinear and cannot be fitted, not even
close, by Arrhenius model. We have tried this method but not only the simulated leak-off
rate is far from the true leak-off rate, but also the simulation process takes an unexpected
long time, because accompany with dehydration, the Frr is increasing exponentially as
well.
One possible method to reduce the simulation complexity is to apply a user
defined permeability-porosity to overwrite the default relationship. If we can set a
permeability critical point that when Frr is high enough that causes the permeability
lower than this critical point, the porosity directly reduces to 0 with no inflows. In this
way, we can avoid the singular matrix solution error and improve the efficiency of matrix
solver. This can be achieved in STARS but cannot solve the problem thoroughly.
As a result, we still suggest the simulator to add the user defined reaction model.
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